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Executive Summary 
Algal systems can be used to decrease the concentration of nitrogen (N) and phosphorus (P) 
in wastewater to low levels, and hence reduce the harm of wastewater discharge and 
facilitate water reuse. Immobilisation of algae by entrapment in alginate beads can overcome 
the shortcomings of suspended algal systems of long treatment times, difficulty in harvesting 
and control of the algal species being cultivated. The aim of this lab-scale study was to 
investigate and improve nutrient removal from municipal wastewater by alginate-
immobilised algae and to explore pathways for its implementation in wastewater treatment 
plants. 
Comparison of intensified nutrient removal systems of biofilm, alginate-entrapped, 
suspended microalgae (Chlorella vulgaris) and macroalgae (Oedogonium cardiacum) 
demonstrated that the rate of nutrient removal depended more on the respective ability of 
each system to accumulate algal biomass in the reactor rather than the type of system 
affecting the rate of nutrient transfer into each unit of biomass. Macroalgae retained with a 
mesh is a promising option for both nutrient removal and biomass generation that would be 
simple to operate. The macroalgae produced 102 ± 4 mg/L/d dry weight of biomass and 
reached levels of 1.3 ± 0.6 mg/L total phosphorus (TP) and 8.5 ± 1.5 mg/L total dissolved 
nitrogen (TDN) from a feed of 7 and 24 mg/L respectively, and operated for 30 days at a 12 h 
hydraulic retention time (HRT). Alginate-immobilised algal cells were retained in the reactor 
more effectively than the other microalgal systems as this system lost only 0.03 times the 
biomass increase in the reactor compared with 2.6 times for the biofilm and 1.7 times for the 
suspended systems. However, the alginate-immobilised algal system treated the wastewater 
for less than 6 days before bead deterioration, meaning frequent bead generation would be 
needed to initiate new treatment cycles. This would add to the operating costs of the system 
and therefore was subsequently addressed by alginate product and species selection. 
To reduce the cost of alginate supply, a non-laboratory product was shown to be a suitable 
option for immobilisation of C. vulgaris for wastewater treatment and did not negatively 
impact N and P removal or bead durability. The non-laboratory alginate led to the production 
of 36 mg/L/d dry weight of algae compared with 47 mg/L/d for the best performing laboratory 
product, however this was outweighed by raw material cost savings. The sugars of the 
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alginate polymer chain were found to be an important characteristic that governed bead 
durability, with a high G:M (L-guluronate:D-mannuronate) ratio found to reduce swelling and 
loss of structural strength when the beads were exposed to wastewater.  
Investigation of where immobilised C. vulgaris can be implemented within the wastewater 
treatment train showed that the cells could adjust their internal nutrient content (N of 4.6-
7.8%, P of 1.2-3.2%) to a range of nutrient concentrations (TDN of 6.5-54.3 mg/L, TP of 6.2-
14.8 mg/L) in several different wastewater sources (two lagoon effluents, secondary effluent 
samples taken on different dates, and a primary effluent). A strong relationship between the 
wastewater NH4+ concentration and algal N content (p-value = 0.00004) that was independent 
of wastewater source demonstrated that the algal cells could adapt well to wastewater with 
a high NH4+ content and remove more N per cell. Hence, wastewater with a high NH4+ 
concentration would be a suitable target for algal treatment and would provide extra benefit 
in N removal. By quantifying abiotic and biotic nutrient removal pathways separately it was 
determined that wastewater with a high NO3- content led to increased indirect N and P 
removal and poorer adaptation of algal assimilation to the wastewater N concentration. It 
was also shown that immobilisation of C. vulgaris did not impact how the algal cells adapted 
to the wastewater. 
Comparison of four algal species showed that Scenedesmus abundans could treat the 
wastewater for longer (42 d) than Chlorella vulgaris (22 d), Coelastrum microporum (8 d) and 
Selenastrum capricornutum (8 d). The beads of S. abundans were more durable in the 
wastewater because the algal cells adapted better to growth in the alginate beads and 
removed nutrients that can damage the Ca-alginate matrix more efficiently. This meant each 
bead of S. abundans removed more N (101 ± 8 µg TN/bead) and P (45.9 ± 1.9 µg TP/bead) 
before needing to be replaced with new beads than did C. vulgaris (41.1 ± 3.8 µg TN/bead, 
17.2 ± 0.8 µg TP/bead), Coel. microporum (13.8 ± 3.1 µg TN/bead, 3.7 ± 0.6 µg TP/bead) and 
Sel. capricornutum (14.7 ± 2.3 µg TN/bead, 4.3 ± 0.3 µg TP/bead), enabling more efficient 
utilisation of alginate. Differences in the N and P concentration and ratio of the medium used 
to culture the algae before immobilisation and wastewater inoculation did not impact 
treatment performance for any of these algal species. 
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Concentrations of ≤ 1 mg TP/L and ≤ 10 mg TN/L were achieved with a fluidised-bed reactor 
of alginate-immobilised S. abundans treating wastewater with 8.9 mg TP/L and 18.3 mg TN/L 
at a HRT of 12 h (6 h active bed) for 30 days, and produced 3.3 ± 0.6 x 106 cells/mL/d. Co-
digestion of S. abundans biomass without pre-treatment with anaerobic digestor sludge 
(based on the scenario of separation and reuse of alginate rather than also digesting it) led to 
biomethane production of 248 ± 10 mL CH4/g VS. Use of alginate-immobilised algae was thus 
demonstrated to remove the need for alternative P removal systems, to partly offset the 
amount of N removal needed from other processes, and to produce biomass for energy 
recovery.  
This work has contributed to the improvement of alginate-immobilised algae systems for 
wastewater treatment and demonstrated its technical feasibility for nutrient removal from 
different wastewaters. The findings can be used to guide how to best implement and 
integrate alginate-immobilised algae into new and existing wastewater treatment plants and 
can form the basis for viability assessment of its commercial application. 
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Chapter 1. Introduction 
1.1 Background 
Algae have been promoted as an alternative solution to conventional treatment processes for 
nitrogen (N) and phosphorus (P) removal. One of the main motivations behind the use of 
algae is generating biomass during the treatment process. The biomass can be used for 
energy, fertiliser and other products. Furthermore, the use of algae for nutrient removal 
avoids chemical and energy intensive alternatives for the nutrient removal. The algal system 
can still reach low N and P concentrations, providing a sustainable way to produce treated 
water for reuse or reduce environmental harm when the effluent is discharged (Cai et al. 
2013). 
Use of suspended algae systems is limited by the difficulty of separating the dilute and 
dispersed algae from the wastewater post-treatment. Immobilisation of the algal cells by 
entrapment in Ca-alginate beads before wastewater inoculation keeps the cells contained 
within a matrix that can be easily settled from the wastewater after treatment, simplifying 
the biomass recovery process. This approach also facilitates the use of compact reactors with 
short treatment times through the use of higher algal concentrations, and enables greater 
control of the algal culture, protecting it from contamination (Whitton et al. 2015). 
As reports of treatment of wastewater with alginate-immobilised systems are limited in the 
literature there is a lack of understanding of the fundamentals of the impact of 
immobilisation, data on its use in different conditions and treatment scenarios, and 
demonstration of continuous treatment of wastewater with alginate-immobilised algal 
systems. Drawbacks that have been identified include the cost of light provision and alginate 
bead supply. With a short HRT (≤ 12 h), provision of continuous artificial light is required to 
prevent loss of performance in dark periods. A batch of alginate-immobilised algae is added 
to wastewater, continuously treats the wastewater until effluent quality decreases, the beads 
are then recovered; hence, the cost of alginate bead supply is an ongoing operating cost 
(Whitton 2016). Tackling these drawbacks by improving the efficiency of wastewater 
treatment with alginate-immobilised algae and increasing the understanding of how to 
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implement this system in wastewater treatment processes will contribute to the 
development of this technology. 
1.2 Scope 
The utilisation and improvement of the performance of alginate-immobilised algae for 
nutrient removal and resource recovery from municipal wastewater. 
1.3 Research questions 
RQ1. What is the effect of system selection between alginate-immobilised, biofilm, 
suspended microalgae and suspended macroalgae on nutrient removal from wastewater 
and biomass productivity? 
RQ2. Can a cheaper sodium-alginate product be selected to improve the cost efficiency of 
wastewater treatment with alginate-immobilised algae? 
RQ3. In what manner do alginate-immobilised algae respond to different wastewater 
characteristics? 
RQ4 Can the N and P concentration of the synthetic medium used for cultivation of the algal 
cells in before immobilisation and wastewater inoculation be modified to improve the 
efficiency of wastewater treatment with alginate-immobilised algae? 
RQ5. Can selection of algal species improve the efficiency of wastewater treatment with 
alginate-immobilised algae? 
RQ6. Can alginate-immobilised algae be used in a continuous reactor for effective nutrient 
removal from wastewater and energy recovery? 
1.4 Aim 
The aim of this work is to investigate the technical feasibility of using alginate-immobilised 
algae for removal of N and P from wastewater and for biomass production. This is to be shown 
for wastewaters and conditions that have not previously been tested with immobilised algae. 
An aim is also to make improvements to the performance of the system to overcome some 
of the existing drawbacks of the technology to enable determination of its feasibility for 
investment by water utilities. This will involve a focus on the fundamentals of the system to 
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increase understanding of how treatment performance responds to different design 
decisions. As the technology is still in the development stage, it is not expected that every 
aspect of the system will be optimised, to this end an aim is also to identify areas in which 
further improvement can be made. The data from this work will provide information for 
designing and sizing reactors for the next stage of testing at pilot scale. The data from this 
work will help guide scenario-based economic and environmental assessment of the benefit 
of the application of the algal system. The results of the study can be used as the basis of a 
decision tool for how to best integrate and implement alginate-immobilised algal systems into 
different new and existing wastewater treatment systems. 
1.5 Thesis structure 
Each chapter of this thesis (presented schematically in Figure 1.1) is presented in paper 
format, with an explanation of how the chapters are linked to provide a cohesive narrative 
for the thesis. 
The thesis begins with investigative papers into the current status (Chapter 2) and 
performance (Chapter 3) of immobilisation of algae for wastewater treatment. Chapter 2 (a 
literature review) summarises different systems for wastewater treatment with algae, delves 
into wastewater characteristics that can affect treatment performance, and explores the 
impact of alginate-immobilisation and species selection. To further explore the impact of 
increased algal concentration, Chapter 3 provides a direct comparison of different algal 
culture systems that facilitate increase in biomass in the reactor to intensify nutrient removal, 
including biofilm, alginate-immobilised, and suspended microalgae and suspended 
macroalgae retained with a filter. This paper identifies shortcomings of the alginate-
immobilised system which are used to help shape the following chapters. This chapter also 
provides a fundamental understanding of the effect that system selection has on nutrient 
transfer into algal cells and provides an insight into other intensified algal systems worthy of 
investigation. 
Chapters 4, 5 and 6 are based on improving the performance and viability of the use of 
alginate-immobilised algae for wastewater treatment. The study reported in Chapter 4 
identifies if an alginate product, selected as a cheaper alternative to that of typically used 
laboratory products, will negatively impact treatment performance and bead durability. In 
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this work characteristics of the alginate polymer that are critical to the efficiency of 
immobilised algae for wastewater treatment are identified. Chapter 5 provides the discussion 
of the effect that different wastewater characteristics have on nutrient uptake and if 
immobilisation impacts the ability of the algal cells to adjust to the wastewater. The work 
reported in this chapter identifies characteristics of wastewater which could be used as a 
means of selecting which types of treatment plants and which wastewater streams would 
benefit most from being treated with alginate-immobilised algae. In Chapter 6 an initial 
investigation is conducted to determine if modifying the medium in which cells are cultivated 
before immobilisation and wastewater inoculation leads to a lasting benefit to the amount of 
nutrients taken up per cell and per bead. Maximising the nutrient uptake of algal beads before 
needing replacement (thus saving on costs of bead generation per unit of nutrient removed) 
was also the main objective when comparing the performance of different algal species in 
Chapter 6. Some traits that made the species more suitable to be used in an alginate-
immobilisation algal wastewater treatment system were also proposed from the results of 
this chapter. 
It was then demonstrated in Chapter 7 that the immobilised algae could be utilised in a 
fluidised-bed reactor, and the outcomes from Chapters 4, 5 and 6 were applied to enable 
assessment of the success of the system. The biomethane that can be recovered from algae 
by digestion (which is a pathway for energy recovery) is also demonstrated. This provides a 
basis from which interested parties can determine the economic and environmental benefits 
of the system. Chapter 8 is the conclusion to the thesis, bringing together all the findings to 
answer the research questions, adding practical insights and using them to recommend areas 
for future work. 
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Figure 1.1 Overview of the thesis structure. 
1.6 Objectives 
Details of the objectives of each chapter are provided in this section to explain how the thesis 
structure relates to the aim of the thesis. The objectives of each chapter are as follows: 
Chapter 2: Literature Review 
 Understand immobilisation of algae for the purpose of wastewater treatment in the 
context of treatment issues, requirements and other algal cultivation systems. 
 Understand the impact of wastewater characteristics on algal treatment systems. 
Characteristics discussed were the wastewater nitrogen, phosphorus and carbon 
content, pH and temperature. This will focus on exploring how these factors affect 
the rate and ratio of nitrogen and phosphorus removal, and in particular the 
interdependence of nitrogen and phosphorus on their simultaneous removal. 
 Explore the impact of design decisions, such as the lighting regime, entrapment 
method and algal species. 
Chapter 3: System Comparison 
Ch2. Literature review 
Ch3. System comparison 
Ch4. Alginate 
selection 




Ch7. Reactor demonstration 
Chapters on improving performance 
Ch8. Conclusions 
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 Identify performance shortcomings of wastewater treatment with alginate-
immobilised algae in comparison with other algal systems that offer intensified 
nutrient removal. 
 Determine if the performance of other algal treatment systems that show potential 
for rapid nutrient removal warrant further investigation. 
 Determine the effect that algal system selection has on the rate of nutrient transfer 
into algal cells. 
 Explore implications of using each system on treatment cycle, biomass production 
and retention of algae within the reactor. 
 Chapter 4: Alginate selection 
 Investigate the impact of alginate selection on nutrient removal, biomass production 
and bead stability. 
 Understand what characteristics and properties of alginate impact these treatment 
performance factors. 
 Identify if an alginate product that is not laboratory grade is a suitable cheaper 
option for immobilisation of algae for wastewater treatment. 
Chapter 5: Impact of wastewater characteristics 
 Identify if alginate-immobilised algae can treat a variety of wastewaters and 
determine the impact of different wastewater characteristics on nutrient removal 
and biomass production. 
 Perform comparison runs under identical conditions with suspended algae to 
determine the impact immobilisation has on the adaptation of algal cells to the 
wastewater. 
 Separate abiotic and biotic nutrient removal to understand the actual response of 
the algal cells to different wastewaters and wastewater characteristics. 
 From the response of the algal system to different wastewater characteristics, be 
able to predict how alginate-immobilised algae would perform under different 
treatment scenarios and understand where and how to best include the algal system 
within different wastewater treatment process trains. 
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Chapter 6: Species selection 
 Determine if selection of algal species can increase the duration of treatment of 
wastewater by alginate-immobilised algae before bead deterioration. The impact of 
species selection on nutrient removal and biomass production is also to be 
determined, with the overall objective to find a species that requires the least 
amount of alginate per nutrient removed. 
 Explore the mechanism of bead deterioration to identify the potential characteristics 
of algal species that are beneficial to system performance. 
 Explore whether adjusting the nutrient concentration of the synthetic medium in 
which the algae are cultured before immobilisation and wastewater inoculation a 
means of to improving their adaptation to the wastewater for simultaneous nitrogen 
and phosphorus removal. 
Chapter 7: Reactor demonstration 
 Demonstrate that alginate-immobilised algae in a continuous reactor can treat 
wastewater and gain an estimate of the capacity of nitrogen and phosphorus 
removal under the selected reactor conditions. 
 Demonstrate that the selection of alginate product, alginate species, and wastewater 
conditions (based on Chapters 4, 5 and 6) can lead to improvement in treatment 
performance. 
 Determine the amount of biomethane that can be produced from algae co-digested 
with anaerobic digestor sludge and explore promising pre-treatment methods of 
breaking down the algal cells to generate more biogas during digestion.  
 Provide a design basis for future pilot-scale reactors. 
 
1.7 Contributions 
Prof. Felicity Roddick (entire thesis), A/Prof Linhua Fan (entire thesis) Prof. Bruce Jefferson 
(Chapter 2 and Chapter 3), Dr. Marc Pidou and Dr. Rachel Whitton (Chapter 3) gave general 
guidance, experimental design and editing of the papers. Ben Spedding and Dr. Li Gao gave 
industry-based insights for experimental design and editing for Chapter 5. Arash Mohensi 
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provided assistance with characterisation of alginate for Chapter 4, monitoring effluent and 
commissioning and operating reactors for Chapter 7. 
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Chapter 2 Preface 
An earlier version of this literature review has been published in Algal Research: 
Kube, M., Jefferson, B., Fan, L. and Roddick, F. (2018) The impact of wastewater 
characteristics, algal species selection and immobilisation on simultaneous nitrogen and 
phosphorus removal. Algal Research 31, 478-488. 
The literature review has now been updated with recent papers and made to encompass 
more content appropriate to this thesis. However, the focus of the review (impact of 
wastewater characteristics, immobilisation and species on the efficiency of the removal of N 
and P from wastewater) has only been slightly modified compared with the published version. 
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Chapter 2. The impact of wastewater characteristics, algal species 
selection and immobilisation on simultaneous nitrogen and 
phosphorus removal from wastewater 
Abstract 
Nutrient removal from wastewater reduces the environmental impact of its discharge and 
provides opportunity for water reclamation. Algae can accomplish simultaneous nitrogen and 
phosphorus removal while also adding value to the wastewater treatment process through 
resource recovery. The application of algae to wastewater treatment has been limited by a 
low rate of nutrient removal and difficulty in recovering the algal biomass. Immobilising the 
algal cells can aid in overcoming both these issues and so improve the feasibility of algal 
wastewater treatment. Trends for nutrient removal by algal systems over different 
wastewater characteristics and physical conditions are reviewed. The impact that the 
selection of algal species and immobilisation has on simultaneous nutrient removal as well as 
the interdependence of nitrogen and phosphorus for their removal is established. 
Understanding these behaviours will allow the performance of algal wastewater treatment 
systems to be predicted, assist in their optimisation, and help to identify directions for future 
research. 
2.1 Introduction 
Most sources of wastewater contain nitrogen (N) and phosphorus (P). If not removed, a build-
up of these nutrients can cause eutrophication and toxicity in aquatic environments. 
Consequently there are limits on their discharge to prevent environmental damage, example 
allowable median concentrations in wastewater to inland water bodies are total nitrogen (TN) 
< 10 mg/L and total phosphorus (TP) < 0.5 mg/L (EPA Victoria 1995). Conventional biological, 
chemical and physical treatment methods that separate N and P from wastewater have 
several downsides not shared with the use of algae. Critically, they become disproportionally 
more expensive the lower the nutrient concentration, making removal to very low 
concentrations uneconomical. Separate unit operations or enhanced designs are needed to 
enable both N and P removal. The concentrated form of the nutrients cannot be readily 
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reused and the potential formation of harmful by-products creates a further need for safe 
disposal of any waste sludge generated (Christenson and Sims 2011). 
Rather than viewing the nutrients of N and P as a waste that must be disposed of, wastewater 
treatment with algae facilitates their recovery in a cost effective and environmentally friendly 
manner. For example, utilising algae as bioavailable fertiliser removes the need to synthesise 
fertiliser through energy intensive and resource depleting pathways (Lee et al. 2015, Santos 
and Pires 2018). This is especially important for added food security as there is a current 
reliance on mining P from finite reserves. As well as treating wastewater by removing N and 
P, potentially aiding in providing alternative water supplies, algae consume carbon dioxide 
(CO2) and can be used to produce renewable energy, fuels and chemicals (Colzi Lopes et al. 
2018, Pagliano et al. 2017), thus reducing fossil fuel consumption and greenhouse gas 
emissions. Algae have the added benefit of removing additional contaminants from 
wastewater such as heavy metals (Ahmad et al. 2018, Mallick 2002) and persistent organic 
pollutants (Wu et al. 2014). Some of these micropollutants are not, or not sufficiently, 
removed by conventional treatment processes. The removal of micropollutants is important 
as they can build up in the ecosystem and have negative health and environmental impacts 
(Metcalf and Eddy 2003). These environmental and economic benefits of using algae make it 
a promising tool to meet the growing demand for wastewater treatment, water and nutrient 
reclamation, and energy production in a sustainable manner. 
Wastewater characteristics vary between locations and fluctuate with time for a single 
source, with the concentration of nutrients likely to vary independently of each other for a 
particular wastewater stream (Beuckels et al. 2015). This is an obstacle in simultaneously 
removing N and P. The complex interaction of wastewater characteristics and environmental 
conditions creates discrepancies in reported removal behaviours. Careful analysis is required 
to take into account their compounding interaction and understand their influence on 
nutrient removal. This is reviewed, with a focus on the interaction between N and P, to help 
identify and direct strategies that will enable algal treatment of wastewater to be completed 
in an efficacious and cost effective manner. 
Applying algal systems to wastewater treatment has been limited by a low degree of nutrient 
removal as well as problems with harvesting the algae (Prajapati et al. 2013). Newly 
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developed reactors and immobilisation systems show promise to overcome these issues 
(Zeng et al. 2015). However, more understanding is needed on the impact that selection of 
reactor type and algal species has on remediation performance. This review isolates 
compounding factors pertaining to wastewater characteristics and environmental conditions 
from the impact of species selection and immobilisation. This approach can assist in improving 
treatment performance by allowing the design of the algal system to be tailored to the 
wastewater. 
2.2 Wastewater characteristics 
Algae are an option to treat different wastewaters, including those from industrial, 
agricultural and municipal sources (Chiu et al. 2015); this review focuses on the treatment of 
municipal wastewater. The concentrations of the important nutrients to be removed from 
municipal wastewater are shown in Table 2.1. The major nutrients required for algal growth 
include nitrogen, phosphorus and carbon, with their concentration and form being important 
(Kesaano and Sims 2014). In municipal wastewater N mostly occurs as ammonium (NH4⁺) and 
nitrate (NO3⁻), but it can also occur as nitrite (NO2⁻) and organic nitrogen. The main form of P 
is orthophosphate (PO43⁻) along with organic phosphorus (Metcalf and Eddy 2003). The 
concentration and form of C containing compounds also varies. Algae are autotrophic, and 
predominately grow photosynthetically on inorganic carbon (IC) (Cai et al. 2013). Minor 
nutrients are also required for growth and include sulfur, calcium, potassium and several 
other metals. For municipal wastewater the minor nutrients are normally in sufficient 
concentrations to not substantially influence treatment performance (Christenson and Sims 
2011). 
Table 2.1 Typical secondary effluent quality. Adapted from Metcalf and Eddy (2003). 
Secondary Process 
Concentration (mg/L) 
TOC TN N-NH4+ P-PO43+ 
Activated sludge 5-30 5-35 1-25 4-10 
Biological nutrient removal 10-20 2-12 0.1-1 0.1-0.5 
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2.3 Treatment systems 
Algal treatment systems can be categorised as suspended or non-suspended. The former has 
cells growing freely in the medium while in the latter the algae are immobilised with the cells 
fixed in place to restrict their movement. Non-suspended systems are further categorised into 
passive techniques, known as attached growth systems or biofilms, and active techniques of 
artificial immobilisation.  
2.3.1 Suspended algae 
Suspended growth bioreactors include various designs of open systems and closed systems 
(Cai et al. 2013). The algal cells are allowed to grow freely in the wastewater and may be kept 
in suspension with gentle agitation to prevent their settling (Kesaano and Sims 2014, 
Sutherland et al. 2018). The low cost and simplicity of suspended growth systems are their 
main advantages, however only low cell concentrations are possible leading to a high volume 
and hydraulic retention time (HRT) requirement to treat the wastewater (Pires et al. 2013). 
Harvesting of suspended cells can require substantial use of chemicals and be energy 
intensive (Hoh et al. 2016), leading to issues with contaminating the wastewater discharge 
with algal cells and making product recovery from biomass produced by the algal system less 
economic. These limitations have restricted suspended growth systems from having 
widespread application in wastewater treatment plants (Pittman et al. 2011). 
2.3.2 Macroalgal systems 
Current commercial cultivation of macroalgae has been motivated by the high value of 
products that can be derived from them, such as food products due to their nutritional 
content, while other products include biodiesel, chemicals and direct use as fertiliser 
(Suganya et al. 2016). Macroalgae have also been used in aquaculture to clean spent water 
forming a closed nutrient loop by being a source of feed (Suganya et al. 2016). The potential 
for freshwater macroalgae to treat municipal wastewater has been gaining interest, with the 
larger size of macroalgae providing a means of overcoming the limitations in harvesting 
suspended microalgal systems. Oedogonium has become a candidate for the purpose of 
wastewater treatment. This macroalgal species has shown versatility in different sources of 
wastewater (primary, secondary and DAF effluent), removing 62% of the N and 75% of the P 
from primary effluent with a HRT of 20 days (Neveux et al. 2016) and has been shown to work 
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over different seasons, producing 8.9 g/m2/d in the dry/winter season and 15.8 g/m2/d in the 
wet/summer (Cole et al. 2016). Although the rate of remediation has not yet been shown to 
be better than that of open microalgal systems, the ease of harvest and high quality of protein 
in the recovered macroalgae demonstrates the value it can add to a wastewater treatment 
process. 
2.3.3 Attached growth systems 
Attached growth systems require a substrate for the cells to attach to, forming a biofilm. The 
algal cells accumulate on the surface of the substrate, with the main mechanism of 
attachment being through the excretion of extracellular polymeric substances (EPS) (Cohen 
2001). The EPS can make up the majority of organic matter in a biofilm and can have an 
important influence on remediation. While the composition of the EPS produced varies with 
the nature of the algal cells, it is mostly comprised of polysaccharides and proteins (Schnurr 
and Allen 2015). The EPS can protect against fluctuations of the wastewater quality and 
accumulate nutrients (Schnurr and Allen 2015), adding to the benefit of attached growth 
systems. The properties of the substrate material are also an important factor for initial 
attachment and character of the biofilm (Gross et al. 2015). Compared with suspended algae, 
treatment performance will respond differently to wastewater characteristics; this behaviour 
has yet to be fully explored independent of reactor design, especially for algal monocultures 
(Schnurr and Allen 2015). Attached growth systems may entail less energy intensive 
harvesting and have a higher concentration of algal cells, with several times higher areal 
productivity compared with suspended growth systems (Hoh et al. 2016, Zhang et al. 2018). 
2.3.4 Active immobilisation 
 Overview 
Active techniques of immobilisation involve physically separating the cells from the bulk liquid 
phase and include covalent coupling, adsorption, liquid-liquid emulsion, membrane 
separation, entrapment and encapsulation (Cohen 2001, de-Bashan and Bashan 2010, Mallick 
2002, Moreno-Garrido 2008). In general, immobilisation allows for higher cell loading than 
suspended systems, giving a higher rate of nutrient removal (Whitton et al. 2018). The 
resultant lower HRT and reduced reactor volume along with the ease of harvesting are the 
main advantages for wastewater treatment. These benefits need to be balanced against the 
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additional costs of the immobilisation process and materials (Hoffmann 1998, Whitton et al. 
2015). 
 Entrapment 
Of the methods of active immobilisation, entrapment has a number of advantages and is one 
of the most commonly studied methods (Cai et al. 2013). These advantages include a 
simplicity in manufacture that shows promise for large scale production and meeting key 
criteria of intensifying the treatment process and allowing easy harvesting of the algal cells 
(de-Bashan and Bashan 2010). Using natural as opposed to synthetic polymers for 
entrapment reduces the requirement for hazardous materials in production and avoids 
additional contaminants being introduced to the wastewater (Leenen et al. 1996). If the 
entrapment matrix has a small pore size diffusion of nutrients can be restricted while the 
pressure exerted on the cells can reduce the number of viable cells and impact the cell 
morphology. This may occur more often with synthetic rather than natural polymers (Leenen 
et al. 1996). While materials such as chitosan, carrageenan and agar have been considered 
for entrapment, alginate has shown significant promise considering the simplicity of bead 
manufacture (de-Bashan and Bashan 2010).  
 Alginate entrapment explained 
Alginate is a natural polymer that consists of an unbranched chain of L-guluronate (G) and D-
mannuronate (M) in a sequence of consecutive G, consecutive M, or alternating GM 
monomers (Lee and Mooney 2012). The proportion and sequence of G and M, and polymer 
chain length, each affect alginate properties (George and Abraham 2006, Lee and Mooney 
2012, Smidsrød and Skjåk-Bræk 1990). Alginate is extracted from brown seaweed, and 
accordingly the structure of alginate depends on the seaweed species, section of the plant, 
age, and processing method (Smidsrød and Skjåk-Bræk 1990).  
For entrapment, formation of the immobilisation gel matrix requires cross-linking of the 
polymeric substance. With alginate this is generally completed by mixing the polymer solution 
into a polyvalent cation solution (Mallick 2002). Immobilisation of algae into beads is 
undertaken by adding algal cells to Na-alginate solution, then dripping this mixture into the 
solution of polyvalent cations. Calcium (Ca2+) is commonly selected as the polyvalent cation 
due to its cost, favourable bead properties, and low toxicity (Moreno-Garrido 2008). The Ca2+ 
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acts as the binding agent that cross-links the alginate polymer to form a solid bead. This 
involves multiple G blocks forming together in an egg-box model (Fang et al. 2007, Smidsrød 
and Skjåk-Bræk 1990). 
Reactors using alginate entrapped algae to treat wastewater (which are yet to be built beyond 
pilot scale) can be designed as either fluidised or packed beds in closed columns (Filippino et 
al. 2015, Travieso et al. 1996). For systems of entrapped algae, Zhang et al. (2008) and Castro-
Ceseña et al. (2015) found that lower initial cell densities led to higher nutrient removal, 
possibly due to more space being available for growth or because high cell loading can restrict 
nutrient movement (Abdel Hameed 2007). As there is an inverse relationship between cell 
concentration and growth in algal systems (Aravantinou et al. 2013), there is an optimal 
balance of having sufficient initial cells for nutrient uptake while not having too many to slow 
down growth and hence nutrient assimilation (Choi and Lee 2012). Increasing the time that a 
culture of algae is used for treatment reduces the cost of replacing cells and the 
immobilisation material. For entrapment, the culture life can be limited by damage to the 
beads. This can be through rupture from cell growth (Zhang et al. 2008), making another 
benefit of having a lower initial cell density additional time that a culture can be used. 
Exposure to contaminants in the wastewater can also limit bead life, through ions that can 
denature the entrapment matrix or bacteria that lead to deterioration of the bead material 
(Cruz et al. 2013). Extending culture life is one of the main motivations behind enhancing 
entrapment techniques. Some methods employed to do this include selection of the type and 
concentration of both the polymer and cation used, or coating the beads in a resistant layer 
(Moreira et al. 2006, Vílchez et al. 2001). 
2.4 Nutrients 
2.4.1 Nitrogen 
 N removal mechanisms 
Nitrogen is essential to many of the functional components of algae, including structural 
proteins and enzymes, nucleic acids, chlorophyll and energy transport molecules (Cai et al. 
2013, Procházková et al. 2014). This leads to a high requirement for N, however most algal 
species do not exhibit non-structural N storage (Procházková et al. 2014). The algal cell can 
adapt to assimilate N as needed based on the form and concentration available (Sanz-Luque 
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et al. 2015). In addition to direct assimilation, NH4⁺ can be removed through volatilisation as 
ammonia (NH3) under basic conditions, where an elevated pH can be a consequence of algal 
growth. NO3⁻ is more stable and hence not removed by volatilisation (Cai et al. 2013). Based 
on finding no clear relation between influent and effluent NH4⁺ concentration from the 
compilation of a number of studies, Whitton et al. (2015) suggested that the mechanism and 
rate of N removal depends on the treatment system and conditions. 
 N removal behaviour 
As N is critical to many of the cellular components in algae it follows that the wastewater N 
concentration impacts N uptake. Increasing the NO3⁻ concentration led to a proportional 
increase in the rate of NO3⁻ removal for alginate-entrapped C. vulgaris (Jeanfils et al. 1993). 
Increasing either NO3⁻ or NH4⁺ also led to an increased rate of N removal for C. vulgaris and 
Pseudokirchneriella subcapitata (Silva et al. 2015). Removal of NH4⁺ is especially important as 
it is the more toxic form of N in wastewater. Whitton (2016) found that alginate-immobilised 
Scenedesmus obliquus could adapt to 4.2 mg/L N-NH4+ and remove it to a residual of 0.06 
mg/L in 2 h bead contact time. C. vulgaris in attached growth exhibited greater N removal 
with increasing NH4⁺ concentration (Kapdan and Aslan 2008), as did suspended 
Chlamydomonas acidophila to a lesser extent (Escudero et al. 2014), possibly due to inhibitory 
concentrations of NH4⁺ being reached. An increase in N available in the wastewater results in 
more N uptake, with more of the vital components for cellular activity being produced, further 
contributing to a greater amount of N being transported and assimilated by the cells.  
As algae can take up different forms of N, wastewater discharge requirements can be met 
when there are multiple sources of N present. It is well established that NH4⁺ rather than NO3⁻ 
is preferentially consumed by algae. When both forms are present in the wastewater there is 
minimal consumption of NO3⁻ until most of the NH4⁺ has been removed (Silva et al. 2015). 
Sanz-Luque et al. (2015) explain that high NH4⁺ concentrations will inhibit nitrate reductase 
(NR) activity, and hence lower NO3⁻ uptake. This was demonstrated by a reduced NR cell 
content until NH4⁺ was depleted (Yan and Yu 1997b). Toxicity to algae can occur at high 
ammonium concentrations, negatively impacting remediation, with reduced growth 
occurring above 106 mg/L N-NH4+ for some Chlorophyceae (Collos and Harrison 2014). This 
may be either from uncoupling of photophosporylation or an increase in direct photodamage 
(Collier et al. 2012, Collos and Harrison 2014). The toxicity will depend on pH, as the un-
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ionised form of ammonia can be more rapidly transported across the cell membrane (Källqvist 
and Svenson 2003). 
2.4.2 Phosphorus 
 P removal mechanisms 
Phosphorus is utilised in algae for a number of components, including phospholipids, proteins 
and nucleic acids, and is critical to the energy cycle of algal cells (Cai et al. 2013, Procházková 
et al. 2014). The uptake mechanisms as well as its use in algal cells depend on the 
concentration of P in the wastewater (Solovchenko et al. 2016). There is a common 
phenomenon of additional P uptake beyond what is required for cell growth, stored in the 
form of polyphosphate, known as luxury uptake (Powell et al. 2009). In addition to direct 
assimilation a major mechanism of P removal from wastewater is PO43⁻ precipitation. This is 
promoted when the pH is basic, which can occur because of algal growth (Cai et al. 2013). A 
relationship between influent and effluent P concentration was found for a number of algal 
systems reviewed by Whitton et al. (2015), who concluded that the P removal mechanism 
may not depend on the treatment system or conditions. 
 P removal behaviour 
With S. obliquus Martínez Sancho et al. (1997) found that the rate of P removal rapidly 
increased with increasing P concentration until growth became limited. As well as through 
cell growth, P removal can depend on the amount of P accumulated per cell. With increasing 
P concentration in a Scenedesmus-dominated culture Powell et al. (2009) observed an 
increased removal rate of P, with high concentrations triggering luxury uptake. A similar 
response was found to increasing P concentration by Zhu et al. (2015) using Chlorella sp., with 
greater P removal a result of the algal cells containing a higher P content. With S. quadricauda 
Yao et al. (2011) observed PO43⁻ first being absorbed onto the cell surface at a rapid rate and 
then slowly consumed by the cell. This surface-adsorbed P is in equilibrium with the 
surrounding wastewater, and could be released after a long algal retention time. This release 
should be prevented to maintain effluent quality and maximise the life of an algal culture. 
The initial cellular P content can also impact P removal. Ruiz-Martínez et al. (2015a) used an 
algal culture where Scenedesmus sp. was the dominant species and found that the lower the 
initial cellular P, the faster the rate of P removal was for the first few hours. In practice, an 
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algal culture will treat wastewater for several days. A high removal rate might not be 
sustained once the algae have reached their maximum quota of P per cell. Having a lower 
initial P content can not only increase the P uptake rate, but can also cause the algal cells to 
overshoot and contain a higher P content than they would otherwise (Yao et al. 2011), 
suggesting that the improved P removal will be sustained for the life of the culture. 
2.4.3 Interdependence of N and P 
It has been established that the wastewater and cellular N impact N removal, and similarly 
that the wastewater and cellular P impact P removal. The amount of N in wastewater and 
algal cells can also impact P removal, as the amount of P can impact N removal (Kunikane et 
al. 1984). This interdependence is to be discussed, considering with the cellular N and P, the 
wastewater N:P ratio and the wastewater nutrient load. 
 Interaction of the wastewater and cellular N and P content 
The cellular N:P of C. vulgaris can adapt to match the wastewater N:P (Choi and Lee 2015). 
Fulton (2009) also reported that the average N:P ratio of the cells in a mixed algal culture was 
closely related to the N:P ratio of the feed. In this case the N (and P) content of the cells 
adjusted as a direct response to the N (and P) concentration of the wastewater respectively, 
with little interdependence on the other nutrient. Xin et al. (2010) found that the proportion 
of N to P that Scenedesmus sp. removed gradually matched the effluent N:P ratio with 
increasing time, although this case may instead be a result of the nutrient concentration in 
the culture medium depleting over time. With increasing rate of supply of wastewater to 
Scenedesmus sp. Dickinson et al. (2013) found an increase in the cellular N and P content, 
which promotes the use of short HRTs. The ability of algae to adjust their internal N and P 
content to the wastewater could form an important wastewater treatment strategy. 
While the concentration of each nutrient can affect algal growth and hence uptake of other 
nutrients, the cellular content of algae will evidently adjust in response to the concentration 
and ratio of N and P in the wastewater. Changes in nutrient accumulation on a per cell basis 
can have a large impact on remediation, with Beuckels et al. (2015) finding on a mass basis 
the change in cellular N and P contributed equally to nutrient removal as growth did. This 
agrees with the finding of Whitton et al. (2016), that a higher cellular N content of S. obliquus 
gave greater nutrient removal than C. vulgaris despite having lower growth. Changes in 
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cellular content will also modify the metabolism of algae, further affecting the rate at which 
N and P are assimilated. This highlights the importance of understanding how cellular N and 
P contents change and affect N and P removal from wastewater. 
 N impact on P 
Beuckels et al. (2015) explored this behaviour by varying the P-PO43- concentration in five 
intervals from 2 to 10 mg/L for five intervals of N-NO3- concentration from 10 to 50 mg/L, 
creating 25 trials. For both S. obliquus and C. vulgaris the percentage of P in the cells was 
dependent on the wastewater N concentration. This led to an increase in P removal with 
increasing N concentration. Furthermore, at high N, the concentration of P had a larger 
influence on cellular P content than at low N, showing that N limitation hinders uptake of P. 
This was explained by Beuckels et al. (2015) through N being primarily contained in proteins 
which can also contain P and are essential for assimilation of further nutrients. N limitation 
can also decrease the thylakoid membrane, which governs photosynthesis (Wettern 1980). 
This would result in less energy being available for P consumption. In addition, N limitation 
can cause phospholipid hydrolysis (Muro-Pastor et al. 1996), which may explain why Fulton 
(2009) found that when a mixed algal culture became aged P was released, with more 
released if the wastewater had lower N:P. This suggests that if the amount of N is low, the 
culture will have a reduced maximum uptake capacity of P. 
A contrary behaviour was observed by Choi and Lee (2015) using C. vulgaris. Increasing the N 
concentration led to a decrease in the cellular P content and P removal. This may be explained 
by the results of Kunikane et al. (1984) using S. dimorphus where the wastewater N:P was 
modified by increasing NO3⁻ while simultaneously decreasing PO43⁻ in a chemostat. At a low 
dilution rate, growth was limited, the response to increasing the wastewater N:P was more 
growth, which resulted in a lower cellular P content. When the dilution rate was high growth 
was not limited, an increase of N:P led to an increase in the cellular P content as, rather than 
for growth, the additional N was being utilised for P to be transported into the cells and 
metabolised. This shows that the culture conditions can change the impact that the 
wastewater N:P has on nutrient remediation. 
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 P impact on N 
Kunikane et al. (1984) observed that there was no accumulation of N in the algal cells when 
the effluent N:P changed. The decrease in P concentration may have limited N uptake. 
Otherwise a correlation of N with growth may have led to a stable cellular N content. In the 
study by Beuckels et al. (2015) the percentage of N in the cells was relatively independent of 
P concentration for both S. obliquus and C. vulgaris. For Arbib et al. (2013) lowering the N:P 
ratio with fixed N concentration using S. obliquus only slightly reduced the time taken to 
remove N, while the cellular N content was also barely affected. These studies suggest that P 
concentration has little impact on the rate of N removal; possibly as low P concentrations 
does not limit production of N containing transport proteins, allowing continued nutrient 
assimilation in low P environments (Rausch and Bucher 2002). This could be advantageous for 
controlling the rate of N removal if the influent P is low or unstable, and means factors other 
than P should first be considered to improve N removal. 
 Impact of the magnitude of the wastewater N:P ratio 
The interdependence of N and P becomes critical at extremely high or low N:P ratios as 
demonstrated by Wang et al. (2014) using Chlorella sp. and Micractinium sp. Both species 
matched nutrient removal to the wastewater at a N:P mass ratio of 9 when treating primary 
effluent, but for sludge centrate with an N:P of 56 the increase in internal N of both species 
was not sufficient to match the higher N:P of the wastewater. In less extreme yet still a wide 
range of N:P, for example 2:1 to 50:1 (Kunikane et al. 1984), the concentration of one nutrient 
will still impact the rate of uptake of the other. It follows that the manner in which the 
wastewater N concentration impacts P removal, and vice-versa, depends on the magnitude 
of the wastewater N:P ratio. This N:P impact will be related to nutrient limitation or 
competition, hence it must also depend on the absolute concentration of the nutrients. 
Nutrient removal was only limited at extreme N:P ratios for Liu and Vyverman (2015), this is 
where the cells contain a maximum quota of one of the nutrients, and hence to increase the 
removal of this nutrient they require sufficient of the other nutrient to support further cell 
production. Once P was depleted, the algae could still consume N, while the opposite was not 
observed. N can be removed as long as there is sufficient P to meet a minimum cell quota for 
growth, as P is primarily only necessary for ribosomal RNA (Sterner and Elser 2017), and 
evidently algae are able to adjust the allocation of internal P resources to this component. On 
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the other hand, N is needed to assist assimilation of P into the cell, which was suggested to 
be due to the importance of N in proteins used for the transport of P across the cell membrane 
(Perini and Bracken 2014). An as essential component of all proteins (Sterner and Elser 2017), 
N is needed in order to have sufficient proteins to produce the P containing ribosomal RNA 
(Loladze and Elser 2011). Effectively, low N can shift resource allocation to lipid production at 
expense of components necessary for P assimilation and cell division (Xin et al. 2010). Xin et 
al. (2010) observed that with a fixed N-NO3- of 10 mg/L and varied P-PO43- from 0.1 mg/L to 2 
mg/L, the rate of N removal by Scenedesmus sp. was not impacted until N:P exceeded 50. This 
is consistent with the idea that P has little effect on N uptake unless wastewater and cellular 
P are becoming depleted, which is when insufficient P is available to be allocated to ribosomal 
RNA. 
Consistent with N being utilised to assist P assimilation, Zhang and Hong (2014) reported that 
P removal by Chlorella sp. increased with increasing N concentration at low N:P ratios (2:1 to 
8:1). However, at higher N:P ratios (8:1 to 20:1), when NO3⁻ was increased with fixed PO43⁻, P 
removal reduced. This is supported by the work of Arbib et al. (2013) where increasing N:P 
from 5.9 to 15.8 with fixed P concentration increased the time taken for P removal despite P 
becoming more limiting. A high N content may change the metabolism of the cells and cause 
a reduction in P uptake. Klausmeler et al. (2004) stated that high N:P causes a shift to 
production of cellular components involved in resource acquisition, which was explained to 
be proteins and chloroplasts that are rich in N, but not P. The uptake of P may also reduce the 
removal of N under certain scenarios, with an increase from 0.3 mg/L to 2 mg/L P-PO43- with 
fixed N-NH4+ of 5 mg/L leading to a decrease in N removal for C. vulgaris and S. obliquus 
(Whitton et al. 2016). At higher P concentrations the cells may have shifted resources to the 
creation of ribosomes rather than cellular components that have a greater N content. This 
shift may occur when nutrient concentrations are at an optimal proportion for cellular growth 
(Klausmeler et al. 2004). These results suggest competition between N and P that could be 
disadvantageous when trying to simultaneously remove both nutrients. 
 Impact of the total wastewater nutrient concentration 
How N impacts P and vice-versa will not only depend on the N:P ratio of the wastewater but 
also on the nutrient load. This was demonstrated by Cabanelas et al. (2013) with a strong 
correlation between wastewater N and P with N and P removal for various wastewaters using 
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C. vulgaris except when treating centrate effluents with higher nutrient concentrations. When 
excess nutrients are supplied, each species of algae may reach a certain N and P content in 
their cells. Klausmeler et al. (2004) explains that pooling of nutrients within algal cells beyond 
what is required for growth will be at the same N:P ratio of structural components. On the 
other hand, when the nutrient concentration is low algae are likely to exhibit a closer link to 
the wastewater N:P ratio. 
With a biofilm Boelee et al. (2011) found at low loads the algae adapted to the wastewater N 
and P concentration. With increasing NO3⁻ and PO43⁻ load there was an increase in cellular N 
and P, with decreasing internal N:P towards a ratio of 5.4:1. After cellular nutrient content 
peaked, cellular N remained constant and a gradual increase in P content occurred. This 
supports the concept that at high nutrient concentrations the cells will meet their desired N:P 
ratio, with slight pooling of P through luxury uptake decreasing cellular N:P beyond the 
structural N:P quota. Similar behaviour was observed for C. vulgaris when Liang et al. (2015) 
increased the amount of NH4⁺ and PO43⁻ with a fixed N:P of 5:1. This led to an increase in both 
N and P removal per cell until 3 mg/L P-PO43- was reached, after which the rate of N removal 
decreased and the rate of P removal increased at a slower rate. This demonstrates an inability 
to simultaneously remediate both N and P at higher nutrient loads. 
Also using C. vulgaris with a fixed effluent N:P ratio of 2:1 Aslan and Kapdan (2006) increased 
the concentration of NH4⁺ and PO43⁻. The removal of NH4⁺ was proportional to the 
concentration of NH4⁺ in the culture media as at a low N:P there was sufficient P to support 
N removal. On the other hand, PO43⁻ removal increased until 71.6 mg/L P-PO43- was reached 
then remained constant with increasing nutrient load. Biomass productivity still increased, 
indicating growth was not limited, suggesting N specifically limited P removal at higher 
nutrient concentrations. This indicates that having a stoichiometrically unfavourable N:P ratio 
will be a more significant factor at high nutrient loads, while at low loads algae can sufficiently 
adapt internal N and P content to be efficient at nutrient removal for a wider range of N:P 
ratios in wastewater. 
 General trends for simultaneous N and P removal 
The foregoing discussion suggests several trends for the impact of N and P on their removal 
from wastewater. At low nutrient concentrations, the ability of algae to adapt their cellular N 
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and P content to the wastewater enables simultaneous N and P removal. This can be limited 
at low wastewater N:P, as N is needed to promote P assimilation, creating reliance on luxury 
P uptake. At high wastewater N:P, N can be assimilated until the wastewater and cellular P 
levels are depleted, although some reduction in the rate of N removal may still occur. At 
higher nutrient concentrations, simultaneous removal of N and P can be limited by a 
competitive behaviour, with algae preferentially exerting resources to remove one nutrient 
over the other, as well as in a proportion to match their structural N:P requirement. This is 
summarised in Figure 2.1. There are conflicting results to these trends as a consequence of 
differences in conditions, species and reactor designs. These compounding factors also affect 
the nutrient concentrations and ratios for which each of these observations are relevant. 
N:P LOW N:P MODERATE N:P HIGH
WITH INCREASING LOAD
WITH DECREASING LOAD
Algae exhibit an ability to match the 
wastewater, removing N and P at a rate 
proportional to the N and P of the 
wastewater.
Algae may assimilate nutrients at a ratio 
representative of the N and P of internal 
structural components, with luxury uptake 
of P able to go beyond this to an extent.
Removal of N should not be significantly 
affected as algae can remove N at low P 
concentrations, with only an impact on 
removal rates if cell function becomes 
impaired by insufficient structural P.
By adapting to the wastewater N:P there 
should be little issue with the comparative 
removal rate of N and P, allowing 
simultaneous removal.
Despite low N wastewater potentially 
having a negative impact on P assimilation 
the ability of algae to adjust cellular P 
content can be sufficient to allow 
continued simultaneous removal. 
N:P LOW N:P MODERATE N:P HIGH
A high N concentration encourages N 
assimilation. As there is a lower reliance on 
external P for N removal the algae may still 
be able to simultaneously remove N and P 
as long as P is not completely depleted.
As removal will be close to the cellular N 
and P quota it may be beneficial to use 
algae that can contain a high cellular N and 
P content. 
Also, N and P assimilation may compete.
 Low N will likely reduce P assimilation, 
creating a reliance on luxury uptake of P for 
which a low initial cellular P may be needed 
to improve P assimilation.
 
Figure 2.1 Proposed impacts of the N and P ratio and concentration on their simultaneous 
removal. 
2.4.4 Carbon 
As carbon is usually the most abundant element in algae it is important to understand the 
mechanisms of C uptake, which are detailed by Markou et al. (2014), and their impact on 
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nutrient remediation. The C:N and C:P ratios in secondary effluent can be relatively low 
compared to an optimum fresh water algal cell content (Ji et al. 2013). This indicates C could 
have a critical role in the rate of nutrient uptake. Indirect removal of nutrients by volatilisation 
and precipitation could also be affected by the wastewater C, with a rapid increase in pH 
largely from release of OH- during IC consumption observed in many experiments (Whitton 
et al. 2015). Furthermore, with organic carbon (OC) also present in wastewater, the pathways 
that algae take up C could influence nutrient remediation. 
The C and N metabolism of algae are linked (Hu and Zhou 2010) and hence the uptake of N is 
expected to be influenced by the wastewater C:N ratio (Gao et al. 2019, Sutherland et al. 
2015a). The wastewater P concentration impacts C assimilation (Hu and Zhou 2010) and many 
P containing cellular components have a related C content (Cade-Menun and Paytan 2010). 
This suggests that the wastewater C content could impact both N and P removal. This is 
supported by an increase of the cellular N and P content with addition of CO2 to Scenedesmus 
sp. (Posadas et al. 2015), possibly from IC enhancing light utilisation which leads to more 
energy being available for nutrient assimilation. An increase in IC concentration led to higher 
N and P removal by a mixed culture (Sutherland et al. 2015a). The response in biomass growth 
of each species in the consortium differed. While IC may directly impact N and P uptake, in an 
open system this can be compounded further by a change of species present. 
IC may also affect the proportion of N to P removed. Increasing the wastewater N:P ratio 
caused an increase in alkalinity consumption by a mixed algal culture (Fulton 2009). With a 
stronger link with N consumption than P consumption, IC may be more important for 
simultaneous nutrient removal from high N:P wastewater. Gonçalves et al. (2016b) also 
observed IC affecting the ratio of N:P removed, and further found the impact to depend on 
the algal species. For Synechocystis salina and Microcystis aeruginosa N removal depended 
on the CO2 concentration, whereas for C. vulgaris and P. subcapitata it did not, while P 
removal by only M. aeruginosa was influenced by CO2 concentration. Changes in the IC 
concentration caused a species-dependent impact on the cellular N and P content of several 
marine microalgae (Burkhardt et al. 1999). These studies suggest appropriate species 
selection can reduce the effect of unfavourable IC concentrations. 
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Improving algal growth, and subsequently nutrient removal, by supplying CO2 is an option to 
overcome low C in wastewater that also provides the opportunity for CO2 capture, to reduce 
greenhouse gas emissions (Razzak et al. 2013). To take advantage of this a nearby source of 
flue gas would need to be available, such as through existing anaerobic energy recovery 
processes. Regardless, additional costs would be required to supply the gas (Judd et al. 2015). 
Hence, unless the C source is available, and abatement is necessary, an algal system would 
ideally be designed to provide sufficient nutrient removal without the addition of external C.  
To test Chlorella sp. in wastewater Wu et al. (2015) used a light:dark cycle of 12:12 h and OC 
in the form of glucose. It was found that the rate of N removal increased with higher OC 
concentrations, with optimum remediation at C:N of 10. In another case, adjusting glucose 
concentration, to vary OC, had little impact on N and P removal by C. vulgaris (Yan et al. 2013), 
possibly due to use of a high light intensity. If assimilation of IC through photosynthesis is 
dominant OC would be expected to play less of a role (Ogbonna et al. 2000). In practice the 
impact of OC will be more complex than represented in these studies due to the variety of OC 
compounds that are present in wastewater. 
2.5 Environmental conditions 
The pH, temperature and lighting to which an algal culture is exposed can each affect nutrient 
removal. The influence of these parameters is interlinked, as evident with the temperature 
and pH changing the optimum light intensity for S. obtusiusculus (Cabello et al. 2015). 
Furthermore, the effect of each condition depends on the wastewater nutrients, one example 
being the optimum temperature to maximise biomass productivity of three Chlorella species 
depending on the N concentration (Ördög et al. 2016). This means that care must be taken 
when translating remediation performance to different conditions or wastewater sources.  
2.5.1 pH 
The pH can affect the capability of algae to assimilate nutrients either by a change in the 
nature of the algal cell physiology or a change in the form of nutrients available, an example 
of the latter being the shift between dissolved carbon dioxide and carbonate based on pH. 
However, the predominant impact of pH on nutrient removal is through the indirect means 
of phosphate precipitation and NH3 volatilisation (Whitton et al. 2015). In some cases a large 
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increase in pH can cause a release of nutrients (Filippino et al. 2015) as well as cell rupture 
(Martínez et al. 2000). 
When using algae for wastewater treatment it is observed that the pH rapidly increases then 
remains at a relatively constant value. The results of Abdel Hameed (2007) demonstrate this 
as the pH increased to around 9 in the initial stages of treatment with various configurations 
of immobilised C. vulgaris. When Zhang et al. (2014) varied initial pH from 5 to 11 for a culture 
of Chlorella sp. removal of both N and P was not significantly affected. This may mean the 
initial pH of wastewater has little influence on treatment performance, which is supported by 
Infante et al. (2013) who found that algal growth increased alkalinity to a similar level 
regardless of the initial pH. These trends were observed for batch systems; in a continuous 
reactor the rapid increase in pH may be less apparent. Whitton (2016) observed that after an 
initial increase in pH the effluent from a continuous algal reactor adjusted towards the pH of 
the feed. 
Investigation of the impact of pH when varying the CO2 sparging rate must take into account 
the IC concentration and the form of IC, N and P, as they depend on pH (Shene et al. 2016). 
This scenario can lead to a balance of optimum pH for N removal that is dependent on the 
form of N present. If wastewater is rich in NH4⁺ a higher pH, through less CO2 addition, may 
promote volatilisation as NH3. Conversely, if wastewater has a higher NO3⁻ concentration a 
lower pH, through more CO2 addition, may encourage growth and hence improve N 
assimilation (Sutherland et al. 2015a). When not controlled by CO2 addition pH had a slightly 
different impact on N removal. For immobilised S. obliquus, Whitton (2016) found while a 
continuous culture had a high pH, the volatilisation of NH4⁺ as NH3 allowed NO3⁻ to be 
preferentially assimilated. Once the pH decreased with time a transition to NH4⁺ assimilation 
occurred, reducing NO3⁻ consumption. It was also noted that the concentration of NO3⁻ 
compared with NH4⁺ in the influent impacted pH by the respective proportion of H+ 
consumption and production during algal N assimilation. As the change in pH depends on 
which nutrients are present, there will be a wastewater-dependent pH impact on N and P 
removal. 
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2.5.2 Temperature 
The temperature of wastewater depends on the local climate of the treatment plant as well 
as the sources of wastewater being delivered to the plant. The impact of temperature was 
demonstrated by Ruiz-Martínez et al. (2015b) using an algal mixture dominated by 
Scenedesmus sp. An optimum temperature for NH4⁺ removal of 31.3 °C achieved a removal 
rate of 17.5 mg N/L/d. At 18 °C the removal was significantly lower, at 6.7 mg N/L/d. Much 
research has focused on the impact of temperature for biomass production, with small 
variations in temperature having a large influence (Renaud et al. 2002, Teoh et al. 2010). Algal 
growth will directly impact N and P removal, however, growth is not the only factor influenced 
by temperature. The metabolism of algal cells can also be affected (Gonçalves et al. 2016a) in 
terms of the allocation of resources within the cells (Raven and Geider 1988) and the activity 
of enzymes, for example, nitrate reductase activity (Vona et al. 2004). Consequently, 
temperature affects C, N and P assimilation (Cade-Menun and Paytan 2010).  
As the effect of temperature on growth (Talbot et al. 1991) and cellular nutrient content (de 
la Noüe and Bassères 1989, Gonçalves et al. 2016a) varies between algal species, selecting a 
species specifically for the expected wastewater temperature could enhance treatment 
performance. The stimulation of nutrient assimilation through increased intake of light 
energy can be a factor with low temperature replicating high light conditions for C. vulgaris, 
giving higher photosynthetic rates (Maxwell et al. 1994). This was an explanation for higher N 
and P uptake at 15 °C than 25 °C observed also for C. vulgaris (Filippino et al. 2015). The link 
between temperature and photosynthesis could be exploited by using algae that exhibit this 
behaviour to treat lower temperature wastewater. For several algal species an increase in 
temperature led to a higher N:P removed (de la Noüe and Bassères 1989, Gonçalves et al. 
2016a). Improved growth at higher temperatures may increase N uptake due to the high 
requirement for N in functional components of algae while higher photosynthetic rates at low 
temperature may stimulate P uptake. With a different impact on N than P removal, 
temperature is an important consideration for simultaneous nutrient removal. 
2.5.3 Light 
The method of providing light to an algal culture will significantly influence treatment. 
Harnessing sunlight, as the cheapest option for algal photosynthesis, can cause reduced 
treatment rates if the intensity of light is too low or high (Cai et al. 2013). The reactor design 
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can be modified to improve the distribution of light intensity over the entire algal culture (Cai 
et al. 2013). Alternatively, the use of artificial light allows more control over the light for the 
culture enhancing remediation. It has however, been reported that for algal biomass 
production LEDs give 4-6% conversion of electrical to chemical energy (Blanken et al. 2013). 
This suggests that sufficient need for intensified nutrient removal is required to promote the 
use of artificial light, which enables the use of smaller reactors that are more effective for 
removing N and P. As a highly controllable part of an algal reactor there is significant potential 
to optimise the design of light provision to improve remediation rates and reduce costs. This 
has created recent interest in the use of different wavelengths, light-dark cycles, light 
intensities, and in flashing light at frequencies in the order of microseconds. The light actually 
received by algal cells will also be affected by the reactor design through factors such as 
depth, mixing, density and the absorption coefficient of the culture (Béchet et al. 2013, 
Huesemann et al. 2013, Sutherland et al. 2015b). 
General ranges of light intensity for optimal growth are 200 to 400 µmol/m2/s with potential 
photo-inhibition at higher irradiance (Gordon and Polle 2007). Each algal species can 
however, have a different optimum light intensity (Talbot et al. 1991), with Li et al. (2012) 
finding maximum growth and N removal with C. kessleri at an intensity of 120 µmol/m2/s 
compared with C. protothecoides at 200 µmol/m2/s. The optimum light intensity also depends 
on factors such as temperature (Vona et al. 2004) and available CO2 (Chang et al. 2016), which 
can each influence photosynthetic activity, while using different intensities at different 
growth stages can be a strategy to reduce energy costs (Yan et al. 2013). In addition, the 
optimum light intensity may not be the same for growth, N or P removal. An increase in N and 
P removal under increased illumination with no change in growth was found by Filippino et 
al. (2015) using C. vulgaris, while for several marine algal species cellular C, N and P content 
increased with increasing light intensity (Cade-Menun and Paytan 2010). These studies 
suggest energy surplus to that required for general abiotic requirements can be used for 
additional N and P assimilation. When growth is being limited by another factor it may still be 
beneficial to increase light supply as this can increase the rate of nutrient removal. This may 
be more the case for P assimilation, as with several algal species Gonçalves et al. (2014) found 
P uptake was promoted more by light than N uptake. This is possibly because P uptake can be 
related to energy storage in phospholipids (Solovchenko et al. 2016). To take advantage of 
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this behaviour, a species that requires low light for growth but is tolerant to high light 
conditions could be selected. 
Any improvements in nutrient removal and biomass productivity when increasing irradiance 
levels of artificial light must be balanced against the additional energy cost. This was the case 
for Whitton (2016) using S. obliquus to treat wastewater under different intensities of light. 
Low intensity light at 50 µmol/m2/s had higher photosynthetic efficiency for N (146.8 μg 
N/mol photon) and P removal (38.6 μg P/mol photon) despite resulting in slower N and P 
removal. While one system may be able to operate using less light, another may be able to 
remove nutrients at greater rates with a more economically sized reactor despite less efficient 
use of light. 
Appropriate selection of light wavelength can increase the rate of nutrient remediation while 
reducing the energy cost of providing light. Both Yan et al. (2013) and Filippino et al. (2015) 
observed that red light gave the highest growth and nutrient removal with C. vulgaris. 
Contradictorily, for alginate-immobilised S. obliquus blue and white light led to similar NH4⁺ 
remediation rates, and higher than for red light, while overall it was found that white light 
resulted in the greatest utilisation of light energy (Whitton 2016). The latter result suggests 
that the use of a single wavelength of light will not provide the most efficient nutrient 
removal. Stöhr et al. (1995) found that blue light increased NO3⁻ assimilation for C. 
saccharophila in the presence of background red light. This suggests that having some light in 
the blue region can improve N assimilation (Aparicio et al. 1976). Kim et al. (2013) built on 
this concept by optimising the rate of N and P removal based on selection of a red to blue 
light ratio. Using Scenedesmus sp. the ratio to maximise N removal was not the same as that 
for P removal. This supports the idea that different uptake mechanisms are stimulated by 
different wavelengths of light. It may be possible to utilise this result by optimising the lighting 
arrangement based on the wastewater N and P concentration. 
Light intensity, light to dark period length, and ratio are interlinked, so should not be 
optimised independently (Yan and Zheng 2013). To elaborate, the length of light period and 
light intensity should be enough to allow sufficient electron energy to be stored by the algal 
cell for continued function for the duration of the dark period. When considering duty cycles 
and flashing frequencies in the order of microseconds this leads to a balance based on light 
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attenuation through electron pooling (Vejrazka et al. 2015). Furthermore, with a higher light 
intensity a more rapid decline in chlorophyll a content occurs, a shorter light period and 
longer dark period is required to allow for the cells to repair and sustain functionality 
(Shriwastav and Bose 2015). Highlighting how the combination of several lighting parameters 
can be used to increase nutrient removal, providing a fixed ratio of red to blue light to 
S. dimorphus Zhang et al. (2015) varied the light to dark ratio, light intensity and flashing 
frequency of the LED light sources. Ratchford and Fallowfield (2003) successfully tested 
photosynthetic O2 evolution of C. vulgaris and Synechococcus sp. with light and dark periods 
from 10 to 280 seconds. This has implications for mixing in an algal system; it may also 
demonstrate a different order of magnitude of light to dark length can be considered when 
optimising light provision. 
2.6 Impact of immobilisation on nutrient removal 
As immobilisation can influence the metabolic activity and microenvironment of the cells 
(Cohen 2001) it will impact nutrient removal depending on the species, wastewater and 
environmental conditions. As a result, when suspended and entrapped systems were 
compared there was no common trend in biomass productivity or the ratio of N to P removed 
(Table 2.2). For example, Lau et al. (1997) found little difference in the performance of 
suspended and chitosan entrapped C. vulgaris, while Fierro et al. (2008) found a higher 
biomass productivity and lower proportion of N than P removed when Scenedesmus sp. was 
entrapped in chitosan. This suggests there is no direct method to predict the performance 
between suspended and immobilised systems if different conditions are being used.  
Yan and Yu (1997a) found an increase in both N and P removal by immobilising C. vulgaris in 
alginate at all tested wastewater N concentrations. However, at low effluent N:P ratios 
entrapment caused a decrease in the ratio of N:P removed. At higher effluent N:P ratios 
entrapment caused an increase in the ratio of N:P removed. At low ratios P is in excess, and 
entrapment aids in P removal, possibly by precipitation. At high ratios N is in excess, and 
entrapment aids in N removal. This may be explained by higher nitrate reductase activity for 
entrapped cells through either the gel absorbing NO3⁻ or other changes to the 
microenvironment (Petrovič and Simonič 2015, Yan and Yu 1997b). This indicates that 
entrapment can aid the simultaneous removal of nutrients. 
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Lau et al. (1997) demonstrated nutrient removal will be dependent on the entrapment 
material as immobilising C. vulgaris with carrageenan increased the N:P removed while when 
alginate was used the N:P removed decreased. This was the case for Jiménez-Pérez et al. 
(2004), where the greater P removal by the immobilised cultures of both S. intermedius and 
Nannochloris sp. was mostly explained by precipitation with calcium used for hardening the 
alginate beads. On the other hand, Mallick and Rai (1994) demonstrated a range of 
immobilisation materials for which the algal system adapted to the wastewater N:P ratio in a 
relatively consistent manner. That result may have been a consequence of the significantly 
lower wastewater N and P concentrations. In addition, the conditions used for a single 
immobilisation material can impact nutrient removal, with higher concentrations of the 
alginate and calcium chloride solutions used for immobilising S. elongatus resulting in lower 
net N and P removal (Castro-Ceseña et al. 2015). 
Chevalier and de la Noüe (1985) compared the nutrient removal of S. obliquus by suspended 
and carrageenan-entrapped cells under non-buffered pH 9 and buffered pH 7.7 conditions. It 
was suggested that NH4⁺ is attracted to the anionic carrageenan matrix, leading to higher N 
removal for the entrapped cells when buffered. In addition, the form of IC is mostly HCO3- at 
pH 9, consequently it may be repelled by the matrix, causing slower growth and hence 
influencing NH4⁺ and PO43⁻ removal. As the form of nutrients can influence uptake in 
conjunction with the immobilisation material used, the impact of immobilisation will be 
dependent on the wastewater being treated. With both C. vulgaris and S. obliquus Ruiz-Marin 
et al. (2010) found that immobilisation in alginate increased the rate of N removal, especially 
when in real effluent, possibly as immobilisation protects the algae (Zeng et al. 2015), allowing 
greater growth and N assimilation. Net P removal increased when entrapped for synthetic 
medium but decreased for real effluent, possibly as in real wastewater P precipitation 
chemistry is more complex. Regardless, in all cases investigated by Ruiz-Marin et al. (2010) 
entrapment led to a proportional N and P removal closer to that of the effluent N:P, 
supporting the idea that entrapment can assist in simultaneous nutrient removal. 
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2.7 Species Selection 
2.7.1 Practical aspects 
For the purpose of improving remediation through species selection many of the papers 
reviewed here are on pure monocultures. However, in algal wastewater treatment systems 
the algae will exist as a consortium, and both bacteria and algae will participate in nutrient 
removal. Hence in real systems the influence of bacteria must also be considered (Gonçalves 
et al. 2017, Muñoz and Guieysse 2006). In addition, algae and bacteria form a synergistic 
relation which can improve growth and nutrient removal, as the bacteria consume O2 and 
produce CO2, while the algae consume CO2 and produce O2 (Pires et al. 2013, Yang et al. 2018). 
Immobilisation can prevent contamination of the inoculated algae, which enables more 
control over the selection of species within the culture (Cohen 2001, Covarrubias et al. 2012). 
This allows the most appropriate algal species to treat the wastewater to be selected and 
offers a pathway to decouple the role of algae from that of bacteria. Compared to algal 
monocultures, co-cultures of selected algal and bacterial species, or of multiple algal species, 
can improve the rate and robustness of remediation (Pires et al. 2013). Such co-cultures could 
be controlled by using artificial immobilisation to keep each species in separate matrices or 
mixed within the same matrix (Cohen 2001, de-Bashan et al. 2004, Mujtaba and Lee 2017). If 
carefully managed a co-culture of bacteria and algae may also be a way to improve nutrient 
removal during dark periods or maintain the pH of the effluent (Gonçalves et al. 2017, Lee et 
al. 2015, Liang et al. 2015). 
Comparing monocultures, some algal species are equally capable of removing N and P and at 
adapting to different wastewaters (Abou-Shanab et al. 2013, Ji et al. 2013, Park et al. 2012, 
Tam and Wong 1989). In other cases the proportion of N to P removed differs significantly 
between algal species treating a single wastewater (Mennaa et al. 2015, Rasoul-Amini et al. 
2014, Shaker et al. 2015), indicating appropriate species selection can promote nutrient 
removal. There are species-dependent responses to environmental conditions (Singh and 
Singh 2015, Teoh et al. 2013) which means in an open system seasonal variations can cause 
fluctuations in the species present and remediation rates (Mehrabadi et al. 2016). One 
approach to selecting species that are suitable for the treatment conditions is to isolate them 
from the treatment plant or a local aquatic system (de-Bashan et al. 2008, Ruiz-Martinez et 
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al. 2012). Starvation of algal cells before exposure to wastewater is a concept that may 
increase the rate of nutrient removal (Solovchenko et al. 2016, Zhang et al. 2008). Hernandez 
et al. (2006) observed a higher P removal after starving alginate-immobilised Chlorella 
sorokiniana but not for C. vulgaris, indicating caution needs to be applied as starvation leading 
to a positive effect is species-dependent. 
2.7.2 Species effect on nutrient removal 
How the wastewater N:P affects nutrient removal depends on the algal species. Table 2.3 
demonstrates the effect of species selection on N:P removal and how the performance of 
different species is affected by cultivation conditions.  
Several studies in particular demonstrate that species selection can be a tool to remove 
nutrients at a certain N:P ratio, with a corresponding link to the internal N:P of the algal cells. 
When decreasing N:P with a fixed NO3⁻ concentration, Liu and Vyverman (2015) found that N 
removal increased for Klebsormidium sp. and Pseudanabaena sp. but decreased for 
Cladophora sp. When increasing N:P with a fixed PO43⁻ concentration, only Klebsormidium sp. 
had a decrease in P removal. By changing N:P from 2.7:1 to 1:1.1 Whitton et al. (2016) found 
that Stigeoclonium sp. adjusted with a decrease in internal N content while retaining a 
relatively fixed cellular P. More promisingly, C. vulgaris and C. sorokiniana adjusted with an 
increase in internal P content while retaining a comparatively fixed cellular N. Although each 
species of both studies adapted towards the wastewater N:P ratio, they did not all adapt in 
the same way. Species that are prone to increase nutrient uptake in response to changes in 
wastewater are better candidates for wastewater remediation. 
Beuckels et al. (2015) reported that S. obliquus had a lower N content while C. vulgaris had a 
lower P content. The concentration of P had a small influence on the rate of N removal for C. 
vulgaris, but none for S. obliquus. Analogously, the concentration of N had a greater effect on 
P removal for S. obliquus than for C. vulgaris. This suggests that species with a lower N or P 
content may rely more on the external concentration of N and P. This could be beneficial, as 
the algae may have more flexibility in N and P removal, or not, as they may not be able to 
cope with varying wastewater quality. Whitton et al. (2016) related the initial cellular N and 
P of C. vulgaris and S. obliquus to nutrient removal, with a higher cellular N:P of S. obliquus 
giving both better NH4⁺ and PO43⁻ removal. This provides another link between cellular 
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content and nutrient remediation for the purpose of species selection. Of the species studied 
by Liu and Vyverman (2015), when the media N:P was greater than 2 Pseudanabaena sp. 
removed N and P at the fastest rate and also had the highest cellular N and P. At and below a 
N:P of 2 it could not adapt sufficiently to the wastewater and Cladophora sp., which had the 
lowest cellular N and P under most conditions, removed the most P. This highlights the 
importance of matching species with a suitable internal cellular content to the wastewater.  














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































  |38 
|38 
2.8 Conclusion 
The remediation performance of each algal system will be uniquely impacted by wastewater 
characteristics and environmental conditions. When the objective is to remove both N and P 
the lowest removal rate will define reactor costs. Hence, it is important to design the algal 
system for simultaneous removal of these nutrients. 
The impact of inorganic and organic C on simultaneous N and P removal has not yet been fully 
explored. N and P removal is complex as it depends on the amount and ratio of both nutrients 
in both the wastewater and the algal cells, with algae exhibiting an ability to match cellular 
content to the wastewater N:P. Identification of this behaviour allows the design of algal 
systems to be targeted to the wastewater, enabling the treatment process to be intensified, 
increasing the rate of remediation. This can be harnessed with immobilisation of algal species 
selected for their ability to mimic the N:P of the wastewater being treated, allowing for the 
greatest rate of both N and P removal to occur simultaneously. While further improvement is 
possible via this method for species selection, the ability of algae to adapt to a range of 
wastewater nutrient concentrations under a variety of conditions demonstrates their 
potential to add value to the wastewater treatment process. 
When artificial lighting is being provided, optimising light utilisation is of particular interest 
due to the significant cost savings that can be achieved and the flexibility in design options. 
Continuing to investigate concurrent optimisation of parameters such as wavelength, 
intensity and cycling of light will help with this. Areas to focus on include how optimal settings 
change depending on the type of reactor and species being used, and how to customise 
lighting to target the wastewater being treated. Methods to deliver the same illumination for 
minimal capital and operating costs should also be explored. The practicality of scaling up 
each algal system cannot be neglected, which includes methods of cell harvesting and 
resource recovery as well as considering for immobilised systems the frequency and cost of 
regenerating the culture and any associated materials. Understanding of the cost benefit 
balance between increasing biomass production and value versus maximising nutrient 
removal would help to direct optimisation strategies. More work is needed on how to harness 
some of the additional benefits during nutrient remediation of organic carbon, heavy metal 
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and persistent organic pollutant removal. This would make using algae a more attractive 
prospect for wastewater treatment. 
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Chapter 3 Preface 
This work addresses RQ1 by comparing alginate-immobilised microalgae with other algal 
technologies that use short treatment times, forming the opening investigation of the thesis 
by identifying shortcomings of the alginate-immobilised system. This direct comparison to 
other systems also helps to identify alternative algal systems that show promise for high rate 
municipal wastewater treatment. This chapter is being prepared for submission to Water 
Research.  
In this chapter a different algal strain of Chlorella vulgaris was used compared with the rest 
of the thesis due to the experimental work being completed at Cranfield University in the 
United Kingdom. 
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Chapter 3. Comparison of algal systems that intensify nutrient 
removal from wastewater 
Abstract 
Algal systems can remove nitrogen (N) and phosphorus (P) from wastewater while producing 
valuable biomass. The microalga Chlorella vulgaris in three concentrated forms (suspended, 
entrapped in Ca-alginate gel beads and as a biofilm on supports that were 12 x 8 mm, 1000 
m2/m3) and the macroalga Oedogonium cardiacum were compared for treating secondary 
effluent containing 15 mg/L of ammonium (N-NH4+), 6 mg/L of nitrate (N-NO3-), and 7 mg/L 
of total phosphorus (TP) with a hydraulic retention time of 12 h. The biofilm system was the 
most effective of the microalgal systems, decreasing concentrations to 1.9 mg/L TP and 0.5 
mg/L N-NO3- on average from day 3 to 24, and like the other microalgal systems, was not as 
effective for N-NH4+ removal (average of 9.0 mg/L). The macroalgal system decreased TP to 
1.3 mg/L and N-NH4+ to ≤0.5 mg/L on average from day 16 to 30 and operated for longer than 
the other systems, but was not effective for N-NO3- removal (average of 4.8 mg/L). This led to 
the N concentration of the effluent from the macroalgal system (7.1 mg/L) reaching a lower 
minimum than the biofilm system (10.6 mg/L) from a feed of 24 mg/L. The biofilm system 
produced 56 mg/L/d of biomass and the macroalgae 102 mg/L/d. The macroalgal system 
produced the highest quality effluent and for longer than any of the microalgal systems while 
also producing biomass at a high rate. This demonstrates that the macroalgae can compete 
with the nutrient removal and biomass production rate of the microalgal systems, and as their 
larger cell size makes operating a reactor easier, they appeared to be a promising option for 
wastewater remediation. 
3.1 Introduction 
The use of algae to treat wastewater leads to low residual concentrations of nitrogen (N) and 
phosphorus (P) in the discharged effluent (Cabanelas et al. 2013, de Godos et al. 2016, Wang 
et al. 2010). The nutrient-rich algal biomass grown in the wastewater can be harvested for 
resource recovery through the production of methane when the biomass is used as a feed 
stock for anaerobic digestion (Prajapati et al. 2013), fertiliser before or after digestion (Ward 
et al. 2014), feedstock materials for biopolymer production (Pagliano et al. 2017) or animal 
feed (Suganya et al. 2016). Thus the use of algae enables recovery of nutrients in wastewater 
  |60 
|60 
that would otherwise be lost to the environment (Solovchenko et al. 2016). In addition, the 
use of algae offsets the use of chemicals and significant energy inputs that would otherwise 
be required to achieve similar low concentrations of nutrients in wastewater (Longo et al. 
2016, Paul et al. 2001). For example, removal of ammonium (NH4+) from wastewater with an 
algal system rather than an activated sludge process reduces aeration (the largest consumer 
of energy in a typical treatment plant (Longo et al. 2016)) and production of N2O (a green-
house gas by product). 
The most commonly implemented algal system to treat wastewater is suspension of algae in 
an open pond due to its simplicity and low operating cost (Park et al. 2011, Sutherland et al. 
2018). These systems have low concentrations of algae with slow algal growth rates and thus 
long treatment times (>4 days) (Pires et al. 2013, Whitton et al. 2015). Harvesting the dilute 
algae (≤ 1 g/L) to prevent their contamination of the effluent and to recover the value-adding 
biomass can require the use of chemicals and substantial energy (Christenson and Sims 2011). 
As nutrient removal is a consequence of biomass uptake and growth, it is strongly influenced 
by the algal biomass concentration maintained within the reactor (Whitton et al. 2016). 
Accordingly, intensification of the process can be accomplished through alternative designs 
that enable higher biomass levels. For instance, entrapment of algae in calcium alginate beads 
enables biomass concentrations of 3.3 g/L and this has been demonstrated to reduce required 
hydraulic residence time requirements to several hours (Chevalier and de la Noüe 1985). 
Four systems of concentrated algae were of interest for this study: 1) suspended microalgae 
retained by a membrane (which is used here predominately as a point of comparison to the 
other systems) (Gardner-Dale et al. 2017, Luo et al. 2018, Xu et al. 2015), 2) passive 
immobilisation of microalgae by attachment to a surface as a biofilm (Kesaano et al. 2015, 
Posadas et al. 2013, Zhang et al. 2018), 3) active immobilisation by entrapment in Ca-alginate 
beads (Filippino et al. 2015, Ruiz-Marin et al. 2010, Whitton et al. 2018), and 4) suspended 
macroalgae (Lawton et al. 2017) retained with a filter of larger pore size than needed for 
microalgae due to their larger cell size and filamentous nature (Hirn 1900, Wu et al. 2014). 
The different systems have different exposure patterns to the available light, offer different 
contact areas and mixing arrangements that affect mass transfer, nutrient uptake rates, 
energy value of the biomass and different difficulty of harvesting. To date no direct 
comparison of the systems has been reported, restricting the understanding of the relative 
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opportunity each system offers for wastewater treatment and which system may be the most 
effective for any given application. 
This paper responds to this knowledge gap by presenting the first direct comparison of 
suspended, biofilm and entrapped microalgae, and suspended macroalgae, for wastewater 
remediation. This comparison demonstrates the impact of system selection on the transfer 
and utilisation of nutrients in algae. Taking nutrient removal, biomass production and 
efficiency of retaining biomass within the reactor into account provides evidence to help 
identify which system is the most favourable option for wastewater treatment. This will help 
shape the focus of future research on algal technology and its application for wastewater 
treatment.  
3.2 Materials and Methods 
3.2.1 Algal cultivation 
The microalga Chlorella vulgaris (211/11B) was obtained from the Culture Collection of Algae 
and Protozoa (CCAP, UK) and was cultivated in Jaworski medium under 100-150 µmol/m2/s 
continuous light and aeration before collection for inoculation in experiments. For inoculation 
of experimental runs the algae were harvested by centrifugation (3000 x g) after 10 days of 
cultivation to be in exponential stage, the algal pellet collected and resuspended in deionised 
(DI) water. The macroalga Oedogonium cardiacum (511/1A) was also obtained from CCAP and 
cultivated in Jaworski medium with no mixing or aeration, under 50-100 µmol/m2/s light with 
a 16:8 light:dark cycle. C. vulgaris was selected as its monoculture in each microalgal system 
can treat wastewater (Hernandez et al. 2006, Johnson and Wen 2010, Luo et al. 2018) and O. 
cardiacum due to its proven potential for municipal wastewater treatment (Bohutskyi et al. 
2019). The macroalgae were harvested by vacuum filtration (1.2 µm) a biomass cake formed 
from which the desired weight of inoculum was collected. 
3.2.2 Wastewater characteristics 
The feed to the algal systems was sourced from the secondary treatment outlet of a municipal 
wastewater treatment plant. The wastewater used to feed the continuous system was 
supplemented with NH4Cl, NaNO3 and K2HPO4 to maintain initial concentrations of 15 mg/L 
of ammonium (N-NH4+), 6 mg/L of nitrate (N-NO3-) and 5 mg/L of phosphate (P-PO43-). 
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Additional characteristics of the wastewater were pH: 7.3-7.9, dissolved inorganic carbon 
(DIC): 20-44 mg/L, dissolved organic carbon (DOC): 3-8 mg/L, turbidity: 0.5-0.9 NTU. 
3.2.3 Wastewater treatment runs 
Duplicate runs of each algal system were completed in AlgemTM Labscale Photobioreactors 
(Algenuity, Stewartby, UK) which house 1 L Erlenmyer flasks with mixing provided by a gimbal 
system (Appendix B Figure B.1). The temperature was maintained at 20 °C and light 
continuously provided to the base of the reactor at 180 µmol/m2/s. The reactors contained 
350 mL of wastewater which was continuously supplied to achieve a hydraulic retention time 
(HRT) of 12 h. Effluent samples were taken from the outlets every 1 to 2 days. The runs were 
stopped at breakthrough, with breakthrough indicated by a loss in NO3-, NH4+ or PO43- 
treatment performance. The rate of mixing was tailored to each system, to keep the free 
growing cells and beads of immobilised cells suspended in the wastewater, and gentler for 
the biofilm and macroalgal systems to reduce damage to the culture. The rate of nutrient 
diffusion was not expected to have been impacted since the wastewater was still being 
circulated in the reactor. However, as the macroalgal and biofilm biomass was not being 
mixed throughout the reactor, regions of biomass may have been exposed to differing levels 
of light. 
 Suspended microalgae 
The reactor was seeded with 1.5 x 106 cells/mL (11.7 mg/L dry weight) of C. vulgaris, which 
were retained in the reactor by a 1 µm cloth filter attached to the outlet tubing. Culture 
samples (0.5 mL) were collected periodically to determine cell number, and on completion of 
the run the entire content of the reactor was harvested by centrifugation. 
 Microalgal biofilm 
An equal volume of biofilm supports (Biotube+, 12 x 8 mm, 1000 m2/m3, Warden Biomedia) 
to wastewater (350 mL) was used giving 205 supports and a total surface area of 0.35 m2 
available for algal growth. 
Algal attachment for biofilm formation was completed by submerging the supports in 350 mL 
of Jaworski medium and concentrated suspension of C. vulgaris for 1 week in the Algem 
Labscale Photobioreactors. After an initial dark period of 16 hours (Ledwoch 2016), 
illumination by 180 μmol/m2/s with 16:8 hours light:dark cycle was used and gentle mixing 
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(60 rpm) applied. After attachment the Jaworski medium was replaced with wastewater at 40 
mL/min for 60 minutes (approximately 6 times volume replacement) to remove the remaining 
suspended cells, the flow rate was then reduced to achieve the HRT of 12 h and continuous 
illumination provided, matching the other systems. The initial inoculum after attachment was 
1.2 x 106 cells/mL (9.3 mg/L dry weight). 
To determine the algal concentration two supports were removed from the reactor every 
second day. The supports were placed in DI water and agitated by a vortex mixer to remove 
the attached cells. After determining the number of algal cells on each support the algal 
concentration in the reactor was calculated based on the total number of supports in the 
reactor. At the end of the trial all remaining supports were collected and the algae harvested 
by vortex mixing for biomass analysis. 
 Entrapped microalgae 
Immobilisation was conducted by dripping 2% Na-alginate (Sigma-Aldrich 71238) containing 
a known concentration of C. vulgaris into a gently mixed 2% CaCl2 solution, to form Ca-
alginate beads approximately 3 mm in diameter. The beads were allowed to harden in the 
CaCl2 solution in darkness overnight before rinsing by stirring in two batches of DI water. An 
equal volume of Na-alginate solution to wastewater was used (350 mL) to maximise the 
volume available for algal growth. This corresponded to approximately 35 beads/mL of 
wastewater. The initial algal concentration was 1.2 x 106 cells/mL of wastewater (9.4 mg/L 
dry weight), which corresponded to 3.4 x 104 cells/bead. 
Algae were sampled by collecting 15 beads from the reactor and dissolving them in 2% Na-
citrate every 1 to 2 days. Cell concentration per bead was found by counting cell number with 
a Haemocytometer and the cell concentration in the reactor calculated based on the total 
number of beads in the reactor.  At the end of the trial all beads remaining in the reactor were 
collected, dissolved in 2% Na-citrate, and then centrifuged to collect the algal biomass. 
 Suspended macroalgae 
To retain the macroalga O. cardiacum in the reactor an 85 µm nylon mesh was attached to 
the outlet tubing of the reactor. To enable appropriate comparison with the microalgal 
systems the initial concentration of O. cardiacum was proportionally adjusted based on 
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preliminary determination that the growth rate was 16 times lower than C. vulgaris in 
Jaworski medium. The initial concentration of macroalgae was 150 mg/L dry weight. 
A biomass wet weight (determined following removal of excess water by 1.2 μm vacuum 
filtration) to dry weight relationship (Eq. 3.1) was developed to facilitate measurement of the 
biomass for inoculation.  
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 = 0.13 × 𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 + 0.03,       𝑅2 = 0.8, 𝑛 = 4   (Eq. 3.1) 
Samples of the biomass were not taken during the macroalgal run due to the destructive 
nature of sampling. The biomass in the reactor at the end of the trial was collected by vacuum 
filtration (1.2 µm). 
3.2.4 Analytical methods 
Effluent samples were analysed for pH, cell number, and total phosphorus (TP, which includes 
particulate and soluble P) with a Merck Spectroquant® cell test kit (1.14543). As there was a 
1 μm filter on the outlet of the suspended microalgal system measurement of TP was not 
comparable to the other systems and so was not included in the analysis. Effluent samples 
were filtered (0.45 μm) for analysis of PO43- and NO3- using a Thermo Scientific Dionex 1600 
Ion Chromatography System; DIC, DOC and total dissolved nitrogen (TDN) using a Shimadzu 
TOC-V Analyzer with a TN unit (TNM-1); and total dissolved phosphorus (TDP) and NH4+ with 
Merck Spectroquant® cell test kits 1.14543 and 1.14558, respectively. 
Cell number was determined by counting with a Haemocytometer with an optical microscope. 
Algal biomass was centrifuged and the algal pellet freeze dried (ModulyoD  Freeze  Dryer) 
before measurement of dry weight. 
3.2.5 Calculations and statistical analysis 
The average ± standard error of the duplicate runs (n = 2) are reported unless otherwise 
specified. Biomass productivity was calculated from the biomass increase over the duration 
of each run, from inoculation until breakthrough. Nutrient removal over the duration of each 
run was calculated as a percentage of biomass increase. This calculation included biomass lost 
in the effluent for each system and, for the biofilm, biomass that had sloughed off the 
supports and remained in the vessel. To calculate the dry weight of biomass in the vessel at a 
certain time the dry weight per cell at the end of the run was multiplied by the cell number 
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throughout the run.  The rate of nutrient transfer into the algal biomass could then be 
determined as the rate of nutrient removal normalised by the mass of algae in the reactor at 
that specific time. 
3.3 Results and Discussion 
3.3.1 Algal growth and biomass productivity 
The entrapped (106 ± 2 mg/L/d) and macroalgal (102 ± 4 mg/L/d) systems demonstrated 
similar biomass growth rates that were significantly higher than the biofilm (56 ± 3 mg/L/d) 
and suspended (36 ± 5 mg/L/d) systems (Table 3.1). The rapid cell growth of the entrapped 
system was demonstrated by reaching a final cell concentration of 3.0 x 107 ± 0.1 cells/mL by 
day 6 compared with a steady lower growth rate for the biofilm system to achieve 2.6 x 107 ± 
0.2 cells/mL attached to the supports by day 22 (Figure 3.1A). The biomass increase for the 
biofilm system included biomass that sloughed off the support carriers, it remained settled in 
the reactor and accounted for 32% (1.2 ± 0.3 x 107 cells/mL) of total biomass. After adjusting 
for just the biomass harvested from the carriers the growth rate was similar to that observed 
for the suspended system. Further, the similarity of the biomass growth rates for the 
entrapped and the macroalgae reflect differences in the size of the initial seed population. 
This confirms utilising a larger inoculum to compensate for the slower growth rate of O. 
cardiacum compared with C. vulgaris was appropriate.  
The duration of the treatment cycle did not correlate with biomass growth rate with cycle 
times of 6, 17, 27 and 30 days for the entrapped, suspended, biofilm and macroalgal systems, 
respectively. At the end of each treatment cycle cost is incurred by harvesting the biomass 
and replenishing the culture to begin a new treatment cycle, whereas value is returned from 
the recovery of the algal biomass. Hence, a system that has both a high rate of biomass 
production and long treatment duration is desirable. This means the macroalgal system 
achieved the dual benefit of less frequent culture replenishment (cost saving) and greater 
biomass recovery at the end of each cycle (increase in value return). 
Algal cells exiting in the effluent over the duration of the run for the biofilm (2.6 times the 
biomass increase retained in the reactor) and suspended (1.7 times) systems (Figure 3.1B) 
represents a loss of treatment capacity by a reduction in algae accumulating in the vessel and 
a loss in value through resource recovery at the end of the cycle. The biofilm system losing 
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the most cells to the effluent demonstrates that, despite growing well on the supports to 
accumulate in the reactor, there was little control preventing cell loss from the biofilm and 
growing in suspension. Thus, the suspended and biofilm C. vulgaris systems would only be 
suitable for incorporation into wastewater treatment plants where downstream 
contamination of the effluent by algae was not an issue or, alternatively, an additional unit 
operation to harvest algal cells from the effluent would be required (Gao et al. 2015). 
In contrast, entrapment facilitated retention of nearly all microalgae (loss of 0.03 times the 
biomass retained in the reactor, before breakthrough), demonstrating it was an effective tool 
for preventing loss of value-adding biomass and reducing contamination of the effluent by 
algal cells (Figure 3.1B). The macroalgal system had no loss of biomass indicating the 85 µm 
filter was effective. There were also few, if any, microalgal cells in the effluent of the 
macroalgal system (Figure 3.1B), demonstrating that a dominant mass of macroalgae and a 
HRT of 12 h prevented accumulation of microalgal species and contamination of the culture, 
which can occur in open systems with longer treatment times (Wang et al. 2013). 
Table 3.1 Overview of the performance of each system, including biomass productivity, 
operational duration and normalised nutrient removal. Mean ± standard error of the 
duplicate runs. 
 Unit Suspended Biofilm Entrapped Macroalgae 
Initial cell number cells/mL x 106 1.5 ± 0.1 1.2 ± 0.1 1.2 ± 0.4 N/A 
Cell number at end of run cells/mL x 107 1.2 ± 0.3 3.9 ± 0.6* 3.0 ± 0.1 N/A 
Cycle duration  d 17 27 6 30 
Mass per cell at end of run x 10-11 g/cell 5.3 ± 0.6 6.2 ± 0.0 2.2 ± 0.1 N/A 
Biomass productivity mg/L/d 36 ± 5 56 ± 3* 106 ± 2 102 ± 4 
Lowest concentration 
reached before breaktrough 
mg TP/L 1.72 ± 0.06 1.32 ± 0.02 1.35 ± 0.06 0.63 ± 0.07 
mg TDN/L 9.79 ± 2.15 10.6 ± 0.4 8.92 ± 0.86 7.05 ± 1.19 
Total nutrient removal based 








 9.0 ± 0.7 4.2 ± 0.3 7.9 ± 0.6 7.5 ± 0.1 
*Including cells harvested from supports (68%) and settled in vessel (32%). 
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Figure 3.1 Microalgal cell concentration A) growing in the vessel for the three microalgal 
systems, and B) in the treated effluent for all four algal systems (no O. cardiacum cells were 
observed in the effluent, the cell number stated is for microalgal cells). Mean ± standard error 
of the duplicate runs. 
3.3.2 Removal of phosphorus 
TP, TDP and P-PO43- removal were closely related over the duration of the run (Figure 3.2), 
suggesting that the main mechanism of P removal was by algal uptake rather than 
precipitation. This was despite pH > 8 for each system (Figure 3.4), which can promote 
precipitation of phosphate with Ca2+ (Song et al. 2002). This implies most of the P removed 
by the algal systems would be available in the algal biomass for later recovery. 
From a feed concentration of 7.0 ± 0.5 mg TP /L (6.8 ± 0.6 mg TDP /L) the suspended 
microalgal system treated the wastewater to 2.8 ± 1.1 mg TDP/L (on average, days 9-14), the 
entrapped system to 1.35 ± 0.05 mg TP/L (days 3-4), the biofilm system to 1.9 ± 0.4 mg TP/L 
(days 3-24) and the macroalgal system to 1.3 ± 0.6 mg TP/L (days 15-30). For the suspended 
system, the long start-up time and short treatment duration of the suspended microalgal 
system is reflected in the rate of algal accumulation in the reactor, with a long lag phase (days 
0-9) and early onset of stationary phase (days 14-17). For the entrapped system, a substantial 
increase in DOC from a feed of 5.2 ± 0.8 mg/L to 63.5 ±  36.3 mg/L in the effluent on day 6 
(Figure 3.4C) and a visually observed decrease in bead size and an apparent weakening of the 
beads (not quantified) shows that the decline in P removal coincided with bead deterioration. 
The resultant release of algal cells from the beads (Figure 3.1B), and additional potential for 
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returning to that of the influent. For the biofilm system, the sustained P removal coincided 
with consistent algal growth from days 1 to 22 (Figure 3.1A), after which a decline in algal 
growth led to TP removal stopping by day 27. This demonstrates that of the microalgal 
systems attachment to supports enables best accumulation of algae within a reactor for 
effective removal from wastewater with 7 mg TP/L in a reactor operating with a 12 h HRT. 
The longer start-up time than for the macroalgal system may indicate there were lower rates 
of nutrient transfer into the macroalgal biomass due to a lower surface area in contact with 
the wastewater (O. cardiacum is approximately 14 by 30 µm in cell size (Hirn 1900) compared 
with C. vulgaris which is spherical with a diameter of 2-6 µm (Wu et al. 2014)), and so more 
biomass was needed to achieve the same level of nutrient removal as the microalgal systems. 
However, achieving the lowest P concentration (0.67 ± 0.19 mg TP/L) indicates macroalgal 
biomass concentrations sufficient to compensate for the slower nutrient transfer were 
achieved and sustained by utilisation of the 85 µm filter, enabling effective P removal at a HRT 
of 12 h. 
There was little variation in the amount of P removed based on biomass increase between 
the microalgal systems (1.6-1.9% mg P/mg biomass produced). This range was higher than 
the 1.3% P content of suspended C. vulgaris when grown in synthetic media with 10 mg/L of 
P-PO43- in batch culture (Beuckels et al. 2015), possibly due to the continuous supply of 
wastewater in the present study. The microalgal system selection not affecting the allocation 
of P within the algal biomass indicates the difference in P removal between systems was 
related to algal growth. The biofilm system reaching the lowest P concentrations for the 
greatest duration indicates that of the microalgal systems it best facilitated cell accumulation 
in the reactor. The macroalgal system removed 2.7% mg P/mg biomass produced signifying 
that utilisation of P within O. cardiacum was higher than for C. vulgaris. The superior P 
removal performance for the macroalgal system can thus be attributed to the higher P 
content in the algal biomass and the greater sustained rate of biomass production, which 
were due to no biomass being lost from the reactor and algal growth not being restricted 
(such as by growth on a surface or in an immobilisation matrix). 
The difference in P removal being correlated to the effectiveness of the system for 
accumulating algal cells can explain why the entrapped system reached lower concentrations 
of P sooner than the suspended system despite P being transferred into each unit of biomass 
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at the same rate (0.22 ± 0.02 and 0.21 ± 0.07 mg P/d/mg biomass at day 3, respectively). This 
indicates entrapment facilitated rapid cell production and the alginate-matrix did not limit 
the rate of transfer of nutrient into the algal cells. There was slower P mass transfer into each 
unit of biomass for the biofilm systems (0.07 ± 0.03 mg P/d/mg biomass at day 3) than the 
other microalgal systems. The reduced rate of nutrient transfer may have resulted from low 
light transmissivity through the depth of the biofilm restricting algal activity to close to the 
biofilm surface (Murphy and Berberoglu 2014) and the smaller surface area of the algal 
culture in contact with the wastewater. Despite this constraint, the supports enabled rapid 
and sustained cell accumulation in the vessel, which led to P removal for the biofilm system 
being sustained at the highest rate for the longest period for the microalgal systems. 
Treatment of synthetic secondary effluent with a membrane (0.1 µm) photobioreactor 
inoculated with C. vulgaris over long term continuous operation reduced 6.1 mg/L of P to 0.61 
mg/L (SRT 10 d, HRT 12 h) and 0.98 mg/L (SRT 5 d, HRT 12 h) (Xu et al. 2015). The greater P 
removal for Xu et al. (2015) than the suspended system in this study can be explained by the 
use of synthetic effluent, creating a better growth environment for the algae, and the use of 
a smaller pore size filter better retaining the algae within the reactor. 
At a HRT of 12 h, entrapped Scenedesmus obliquus treated effluent with 0.7 mg/L P-PO43-, 3.2 
mg/L N-NH4+ and 20.3 mg/L N-NO3- for 19 days, reaching a minimum of 0.04 mg/L P-PO43-, 
<0.001 mg/L N-NH4+ and 1 mg/L N-NO3- before bead deterioration (Whitton et al. 2018). The 
longer run duration than the entrapped system in the current study was likely due to the use 
of an algal species with a lower growth rate which would lead to less physical pressure on the 
alginate matrix of the beads, and the lower P concentration in the wastewater feed which 
would reduce anion disruption of the bridging agent Ca2+ in the Ca-alginate matrix. 
A mixed consortium biofilm growing in a flow cell (a flat surface supporting algal growth over 
which wastewater ran) with a HRT of 12 h treated synthetic effluent with 10 mg/L of N-NO3- 
and 1.1 mg/L of P-PO43-, to below 2.2 mg/L of N-NO3- and 0.15 mg/L of P-PO43- for 6 days 
(Boelee et al. 2011). Utilisation of 3-dimensional supports for the biofilm system in the current 
study meant there was a lower nutrient load per biofilm area of 0.051 g N/m2/d and 0.014 g 
P/m2/d compared with 1.01 g N/m2/d and 0.094 g P/m2/d for Boelee et al. (2011), which can 
explain the greater nutrient removal performance over the longer duration. The algal biomass 
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that sloughed off the supports and remained in the reactor would likely also have contributed 
to nutrient removal, and so the reactor may have been operating as a combined suspended-
biofilm system, leading to improved performance compared to the flow cell biofilm system. 
In an open system at 80 m3 scale treating TN of 4.0 mg/L and TP of 0.8 mg/L, O. cardiacum 
grew at 7.8 mg/L/d and removed nutrients on average to 2.6 mg/L TN and 0.3 mg/L TP with a 
HRT of 1 day (Cole et al. 2016), with lower nutrient removal and growth than in the current 
study because the macroalgae were not retained with a filter in the reactor or provided with 
of artificial light. 
 
Figure 3.2 Effluent TP, TDP and P-PO43- of the A) suspended, B) biofilm and C) entrapped 
microalgal systems and the D) macroalgal system. Mean ± standard error of the duplicate 
runs. 
3.3.3 Removal of nitrogen 
No microalgal system could consistently remove TDN to <10 mg/L (Figure 3.3A-C) indicating  
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Removal of N-NO3- was rapid, with the concentration in the effluent reaching and remaining 
below 1 mg/L of N-NO3- by day 3 for the suspended, and day 2 for the biofilm and entrapped 
systems. N-NH4+ removal followed the same trend for each microalgal system, with the 
greatest removal only achieved after bead deterioration for the entrapped system, and P 
removal had ceased for the biofilm and suspended systems. Hence the low TDN removal was 
related to low N-NH4+ removal and differences in the microalgal systems did not substantially 
affect TDN, N-NO3- or N-NH4+ removal. 
The microalgal systems being more efficient for removal of N-NO3- than N-NH4+ is contrary to 
C. vulgaris preferentially taking up NH4+ rather than NO3- when both were in a synthetic 
growth medium (Silva et al. 2015). This can be explained as different strains of an algal species 
and culture conditions can affect which of NO3- or NH4+ is preferentially assimilated (Dortch 
1990). With the strain of C. vulgaris used in the current study treatment of wastewater with 
a high NO3- rather than NH4+ concentration may thus lead to more favourable performance. 
The macroalgal system was not effective for removing N-NO3-, with an average concentration 
in the effluent of 4.2 mg/L and a minimum of 2.2 mg/L. Furthermore, increase in biomass over 
time did not increase N-NO3- removal, N-NO3- removal did not increase even when N-NH4+ 
was depleted (to < 0.25 mg/L), and the N-NO3- concentration increased to equal or greater 
than that of the feed from day 27 (Figure 3.3D). This provides evidence of nitrifying bacterial 
activity, which involves conversion of NH4+ to NO3-.  This would mean there was a symbiotic 
relationship in which the macroalgae produced O2, which was then consumed by the bacteria, 
and the bacteria produced CO2 which can enhance the photosynthetic activity of the 
macroalgae (Muñoz and Guieysse 2006). This would have improved biomass production and 
nutrient depletion rates, and may have arisen from bacteria attaching to the surface of the 
macroalgae, providing the opportunity for their accumulation within the vessel. 
TDN removal for the macroalgal system was at its most efficient from days 14-23, achieving 
8.5 ± 1.5 mg/L in the effluent. Over this period the effluent had low N-NH4+ of < 1.1 mg/L, low 
DIC of < 5.4 mg/L (Figure 3.4D) and less N-NO3- than in the feed, suggesting autotrophic algal 
growth was the dominant mechanism of nutrient removal. This indicates O. cardiacum 
preferentially assimilated NH4+ over NO3-, which was in contrast to the C. vulgaris systems. 
The DIC increased to >15.4 mg/L for days 24-30, N-NH4+ removal was still efficient to <0.5 
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mg/L and N-NO3- concentration increased. This suggests an increase in bacterial activity 
proportional to photosynthetic activity in the latter stages of the run. This led to a decline in 
TDN removal, with 12.2 ± 0.9 mg/L in the effluent from days 24-30. While bacterial-algal 
symbiosis can be advantageous, this indicates the correct balance and system maintenance is 
needed to ensure efficient N removal. However, the macroalgal system reached a minimum 
concentration of <0.25 mg N-NH4+/L in the effluent at day 14 and remained below 1.1 mg N-
NH4+/L until the end of the run, indicating it could operate at a HRT of 12 h to effectively 
remove NH4+ from wastewater containing 15 mg/L of N-NH4+ during periods of both 
photosynthetic and bacterial dominance. 
The microalgal systems assimilated 4.2-9.0% mg N/mg biomass produced over each run 
(Table 3.1). This was consistent with the 5.0-10.1% N content of C. vulgaris when grown in 
synthetic medium with 10-50 mg/L of N-NO3- (Beuckels et al. 2015). The biofilm system took 
up much less N (4.0% mg N/mg biomass produced) than the other microalgal systems, 
indicating a change in resource allocation due to the different growth environment. 
Suspended algae led to the greatest assimilation of N (9.0% mg N/mg biomass produced), 
indicating that being suspended and not contained in a matrix (biofilm or entrapped) 
promoted allocation of N within the algae. The difference in N allocation within the biomass 
between the microalgal systems demonstrates N removal was less dependent on biomass 
production than was found for P removal.  The O. cardiacum biomass assimilated 7.5% mg 
N/mg biomass produced, within the same range of the C. vulgaris microalgal systems.  
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Figure 3.3 Effluent TDN, N-NH4+ and N-NO3- of the A) suspended, B) biofilm and C) entrapped 
microalgal systems and the D) macroalgal system. Mean ± standard error of the duplicate 
runs. 
3.3.4 Wastewater carbon and pH 
The DIC decreased and DOC of the wastewater increased for each system (Figure 3.4) for both 
C. vulgaris and O. cardiacum indicating both species were growing autotrophically. The 
effluent DIC decreased from 34.7 ± 5.3 mg/L to a minimum of 0.2-0.5 mg/L for the suspended, 
biofilm and macroalgal systems, suggesting that the DIC concentration of the wastewater 
feed was limiting for at least part of the run. The entrapped system was an exception, with 
the minimum DIC of 4.0 ± 2.1 mg/L in the effluent being less limited and contributing to 
production of biomass at a greater rate than the other microalgal systems. The removal of 
DIC from wastewater by algal uptake results in an increase in pH during treatment (Sutherland 
et al. 2015a). The suspended system resulted in the lowest level of alkalisation of the effluent 





























































  |74 
|74 
growth (Table 3.1) and so the effluent alkalinity would need to be reduced before discharge 
to prevent harm to the receiving water body and for water reuse. 
The DOC increased from 5.9 ± 0.7 mg/L to a maximum of 11.7 ± 3.3, 13.8 ± 3.2 and 12.4 ± 0.5 
mg/L for the suspended (Figure 3.4A), biofilm (Figure 3.4B) and macroalgal systems (Figure 
3.4D). This indicates that under these growth conditions of low DOC concentration in the 
wastewater and continuous provision of light the algal systems will cause a net DOC increase 
in the effluent. If a disinfection process were to follow the algal treatment harmful by-
products can form from the released algal organic matter (AOM), for example chlorination of 
AOM from C. vulgaris yielded trihalomethanes of 21-27 µg/mg-DOC and haloacetic acids of 
24-30 µg/mg-DOC (Sun et al. 2018). However, this negative impact does depend on the nature 
of the DOC (Nguyen et al. 2005), with the yield of harmful by-products related to cellular 
composition (Hong et al. 2008) and thus cultivation conditions (Yang et al. 2011). The DOC of 
the effluent from the entrapped system was 14.4 ± 4.3 mg/L on day 5 which increased to 63.5 
± 36.3 mg/L on day 6 (Figure 3.4C). No other system showed a similar spike in DOC at the end 
of the run, suggesting it was mostly due to the degradation of the Ca-alginate beads rather 
than the release of organics from the algal cells. The entrapped system would therefore need 
to be stopped and harvested before this increase in DOC. 
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Figure 3.4 Effluent DIC, DOC and pH of the A) suspended, B) biofilm and C) entrapped 
microalgal systems and the D) macroalgal system. Mean ± standard error of the duplicate 
runs. 
3.4 Conclusions 
Four algal systems with algal biomass retained within a reactor (three of the microalga C. 
vulgaris and one of the macroalga O. cardiacum) were demonstrated to treat wastewater 
with 15 mg/L N-NH4+, 6 mg/L N-NO3- and 7 mg/L TP at a HRT of 12 h. The biofilm system 
performed better than the suspended and entrapped microalgal systems in terms of 
treatment duration (27 days), TP removal (1.9 mg/L, average in the effluent for days 3-24), N-
NO3- removal (0.5 mg/L) and to a lesser extent N-NH4+ removal (9.0 mg/L) and TDN removal 
(10.6 mg/L). The macroalgal system achieved the multiple benefits of equal highest biomass 
production (102 ± 4 mg/L/d), longest operating duration (30 days) while achieving the lowest 
TP (1.3 mg/L, on average days 16-30), N-NH4+ (≤0.5 mg/L), and TDN (<7.1 mg/L) 
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The entrapped system produced biomass at a greater rate (106 ± 2 mg/L/d) than the biofilm 
(56 ± 3 mg/L) system and led to minimal loss of microalgal cells (<3%) from the culture, 
indicating that if the 6 day duration of treatment could be increased the entrapped system 
would be a more viable option for wastewater treatment. The ability to manipulate biomass 
densities, protect cultures of species that have high resource recovery value or certain 
nutrient uptake traits, and utilise compact reactors with intensified nutrient removal means 
the immobilised system warrants further development. 
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Chapter 4 Preface 
The main shortcoming of alginate-immobilised algae identified in Chapter 3 was the short 
duration of the treatment cycle. The raw material cost had already been identified as a major 
cost of the process. Hence, this paper aims to reduce the cost of operating the system by 
finding a cheaper, non-laboratory source of the alginate, and increasing the durability of the 
Ca-alginate beads in wastewater to reduce the required frequency of bead generation. This 
chapter addresses RQ2 and has been published, with only minor formatting changes applied, 
in the Chemical Engineering Journal: 
Kube, M., Mohseni, A., Fan, L. and Roddick, F. (2019) Impact of alginate selection for 
wastewater treatment by immobilised Chlorella vulgaris. Chemical Engineering Journal 358, 
1601-1609. 
Contribution has also been made to a paper that investigated reusing the alginate to generate 
fresh beads post wastewater treatment. That paper demonstrated that up to 70% of the 
alginate could be recovered from used beads to generated new beads, and was published in 
Environmental Technology: 
Murujew, O., Whitton, R., Kube, M., Fan, L., Roddick, F., Jefferson, B. and Pidou, M. (2019) 
Recovery and reuse of alginate in an immobilized algae reactor. Environmental Technology 
(United Kingdom), DOI: 10.1080/09593330.2019.1673827. 
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Chapter 4. Impact of alginate selection for wastewater treatment 
by immobilised Chlorella vulgaris 
 
Abstract 
Rapid nutrient removal from municipal wastewater can be achieved by algae immobilised in 
beads of alginate. The use of immobilised algae has been limited by the additional costs of 
immobilisation, hence the selection of an alginate with appropriate properties can improve 
its viability. Nutrient (nitrogen and phosphorus) removal, biomass productivity, bead stability, 
and production cost were criteria used to compare the immobilisation of Chlorella vulgaris in 
three alginate products: food grade, and two laboratory products with low and medium 
viscosity. Algal biomass productivity was greater for low viscosity (47 mg/L/d) than both 
medium viscosity (37 mg/L/d) and food grade (36 mg/L/d) alginate while nutrient removal 
was independent of alginate product in batch culture. As such, the criteria for alginate 
selection could be narrowed to bead stability and alginate price. Beads prepared from 
medium viscosity alginate were the least stable as they lost the most strength over four weeks 
exposure to wastewater, swelled and released more organic carbon than the other two 
products. This was attributed to the lower proportion of L-guluronate in the polymer for 
medium viscosity alginate which led to the Ca-alginate having less cross-linking. Greater cross-
linking in the structures of the food and low viscosity Ca-alginates was associated with 
increased porosity (96.7-96.8%) and increased immobilisation efficiency (95-97%). As 
immobilisation in food grade alginate led to similar nutrient removal and little loss of stability 
in wastewater, despite lower algal growth, its lower cost  means it presented as an effective 
alternative to the laboratory products. 
4.1 Introduction 
Removal of the nutrients nitrogen (N) and phosphorus (P) from wastewater is essential to 
reduce the environmental impact of wastewater discharge.  Treatment of wastewater with 
algae can achieve very low concentrations of the nutrients nitrate (NO3-), ammonium (NH4+) 
and phosphate (PO43-) (Yang et al. 2016) reducing this impact or allowing for wastewater 
reuse. Algae perform the treatment by growing in and taking up nutrients from the 
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wastewater, and thus provide the opportunity for resource recovery (Cai et al. 2013). Algae 
can be used as a unit operation at any point in the wastewater treatment train. For example, 
algae can treat influent wastewater (Abou-Shanab et al. 2013, Kong et al. 2010, Wang et al. 
2010), primary settled effluent (Cabanelas et al. 2013, Posadas et al. 2017, Wang et al. 2010), 
anaerobically treated wastewater (Cabanelas et al. 2013, de Godos et al. 2016), secondary 
effluent from activated sludge plants (Boelee et al. 2012, Kong et al. 2010, Posadas et al. 2017, 
Wang et al. 2010) (and effluent with similar characteristics from lagoon systems (Christenson 
and Sims 2012)), or a mixture of wastewaters. Algal treatment can be a substitute for lagoon 
wastewater treatment (Young et al. 2016), and be integrated into secondary biological 
treatment (Boelee et al. 2012). In particular, due to the ability of algae to remove N and P to 
low concentrations, it is a promising option as a final stage of wastewater treatment. 
Conventional processes such as bacterial biological nutrient removal are well developed, with 
typical treatment time of 5-30 hours to reach concentrations of N-NH4+ 1-5 mg/L and P-PO43- 
6-10 mg/L (Metcalf and Eddy 2003). Such systems struggle to achieve low P concentrations 
and require significant energy for aeration (Decostere et al. 2016), with aeration often being 
the process with the largest energy consumption at a treatment plant (Longo et al. 2016). 
Precipitation to remove P is an option if low concentrations are required for wastewater 
discharge, but this requires the use of chemicals and generates significant amounts of sludge 
requiring management and disposal (Cole et al. 2017). Compared to these existing 
technologies algal treatment is an appealing option because of the potential for energy and 
nutrient recovery. 
Use of algae for this purpose has been somewhat limited by both a slow rate of nutrient 
removal with the hydraulic retention time of high rate algal ponds (HRAP), the most 
commonly used system, typically 4-10 days, and the difficulty separating the algae from the 
treated wastewater (Hoh et al. 2016, Whitton et al. 2016). This is due to the algal cells being 
small, at low concentrations and mixed throughout the pond. Instead algal cells can be 
retained within the algal reactor by immobilisation, and so can become concentrated, 
enabling rapid nutrient removal, reducing the hydraulic retention time (HRT). In particular, 
the immobilisation method of entrapment in Ca-alginate involves physically trapping and 
confining algal cells within gel beads before addition to the wastewater. This immobilisation 
method facilitates biomass recovery by either simple sieving to remove the beads from the 
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wastewater (Lam and Lee 2012) or by settling, improving the economics of algal wastewater 
treatment (de-Bashan and Bashan 2010, Mallick 2002). These systems using alginate 
entrapped algae can be designed as either fluidised or packed beds in closed columns 
(Filippino et al. 2015) (Travieso et al. 1996). Whitton et al. (2015) calculated that with the 
concentrations of algae achievable with alginate-immobilisation less than 20 hours was 
needed to treat secondary wastewater with either Scenedesmus obliquus or C. vulgaris. The 
use of a low HRT of 6.5 hours with alginate-immobilised C. vulgaris was shown by Filippino et 
al. (2015) to remove greater than 80% P-PO43- and 90% (N-NO3- + N-NO2-) from secondary 
wastewater. Using alginate-immobilised C. vulgaris to treat primary wastewater, Travieso et 
al. (1996) achieved a maximum removal of 82% P-PO43- from 6 mg/L and 72% N-NH4+ from 31 
mg/L at a HRT of 12 hours, also successfully demonstrating the use of a short HRT. 
Alginate is a natural polymer derived from brown seaweed, and consists of an unbranched 
chain of L-guluronate (G) and D-mannuronate (M) in a sequence of consecutive G, consecutive 
M, or alternating GM monomers (Lee and Mooney 2012). The proportion and sequence of G 
and M, and polymer chain length, each affect alginate properties (George and Abraham 2006, 
Lee and Mooney 2012, Smidsrød and Skjåk-Bræk 1990). The structure of alginate depends on 
the seaweed species, section of the plant, age, and processing method (Smidsrød and Skjåk-
Bræk 1990). Immobilisation of algae is undertaken by adding algal cells to Na-alginate 
solution, then dripping this mixture into a solution of polyvalent cations, commonly calcium 
(Ca2+) due to cost, favourable bead properties, and low toxicity (Moreno-Garrido 2008). The 
Ca2+ acts as the binding agent that cross-links the alginate polymer to form a solid bead. This 
involves multiple G blocks forming together in an egg-box model (Fang et al. 2007, Smidsrød 
and Skjåk-Bræk 1990). 
Immobilisation adds to the cost of algal wastewater treatment, hence for entrapment to be 
more viable this cost should be reduced (Whitton 2016). There are several factors 
contributing to this cost: supplying beads, including raw material costs and bead 
manufacture; nutrient uptake rate which affects reactor size and concentration of beads 
needed; and bead life, which dictates how often the beads of immobilised algae need to be 
resupplied. As such, careful selection of the alginate product used for bead manufacture will 
play a significant role in improving the economic competitiveness of algal entrapment for 
wastewater treatment. The aim of this study was to compare three alginate products that 
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differ in viscosity, chemical grade, or cost. Beads prepared from two laboratory products and 
a markedly cheaper food grade product were compared in both synthetic effluent and real 
wastewater for algal growth, remediation potential, and bead stability. This improved 
understanding on how to select alginate that is less expensive, has a long life, and permits 
high nutrient removal. 
4.2 Materials and Methods 
4.2.1 Bead preparation 
Chlorella vulgaris (CS-41) was supplied by the CSIRO Australian National Algae Culture 
Collection and sub-cultured in MLA medium (Bolch and Blackburn 1996) (MLA ingredients and 
their concentration are listed in Appendix A Table A.1) in an algal culture cabinet (S.E.M (S.A.) 
Pty. Ltd.) at 23 °C under 16:8 hour (light:dark) fluorescent light. The algal cells were harvested 
after 4 to 6 days to be in exponential growth, centrifuged and redispersed in Milli-Q water. 
The redispersed cells were added to 2.5% Na-alginate solution and supplemented with Milli-
Q water to make a final concentration of 2% Na-alginate. For trials with synthetic effluent the 
2.5% solution of Na-alginate was sterilised by autoclaving. Beads were made by dripping the 
alginate-algae mixture through an 18 gauge needle into 2% CaCl2 stirred magnetically at 100 
rpm. Beads were left to harden overnight and then rinsed twice with Milli-Q water. Blank 
beads without the addition of algal cells were made with the same procedure. 
The three alginate products used were: 
 Medium viscosity (MV): Derived from Macrocystsis pyrifera (Sigma-Aldrich A2033). 
 Low viscosity (LV): Derived from Laminaria hyperborea (Sigma-Aldrich 71238). 
 Food grade (FG): (The Melbourne Food Ingredient Depot, Victoria, Australia). 
4.2.2 Experimental approach 
The synthetic secondary effluent was based on MLA stock solution, and autoclaved before 
sterile NaHCO3 addition, to have the same inorganic carbon (IC) (48 ± 3 mg/L), N-NO3- (20.2 ± 
0.3 mg/L) and P-PO43- (4.7 ± 0.1 mg/L) concentrations as in the secondary wastewater from a 
Victorian municipal wastewater treatment plant. HCl was added to give a pH of 7.2, making 
the final volume of synthetic effluent 400 mL. Beads of immobilised algae made from 50 mL 
of alginate-algae suspension were added to duplicate Erlenmeyer flasks of synthetic effluent 
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to give an effluent to bead volume ratio of 8:1 and initial concentration of 2 x 106 cells/mL. 
The flasks were incubated for 9 days at 25 °C in a shaker water bath under fluorescent white 
light (14000 K colour temperature) of intensity 30 μmol/m2/s. 
Wastewater was supplied from the outlet of primary aerated lagoons of a Victorian municipal 
wastewater treatment plant and sterilised by autoclaving. To assess if there was an effect of 
wastewater pH on alginate performance two runs of different initial pH were completed. In 
Run 1 the wastewater was supplemented with NH4Cl and KH2PO4 to compensate for PO43- and 
NH4+ losses during sterilisation, and no pH adjustment was undertaken after the pH increased 
to 9.1 after autoclaving. In Run 2 sterilised wastewater from the same source was adjusted to 
pH 7.8 by HCl. Immobilised algae made from 50 mL of alginate-algae suspension were added 
to duplicate Erlenmeyer flasks containing 300 mL of wastewater to give a wastewater to bead 
ratio of 6:1 and initial concentration of 2 x 106 cells/mL. Duplicate Erlenmeyer flasks 
containing 300 mL of only wastewater were used as controls. The flasks were incubated for 8 
days on an orbital shaker at 125 rpm under intensity of 180 μmol/m2/s LED light (Fluence 
Bioengineering, RAZRx fixture, PhysioSpecTM spectrum). 
Blank beads made from each non-autoclaved alginate product were added to the synthetic 
effluent at a ratio of 8:1 to monitor residual organic carbon (OC) concentration. Blank beads 
were added to the same wastewater used in Runs 1 and 2 at a ratio of 6:1 to monitor for P-
PO43- uptake and Ca2+ loss from the beads. The change in size and strength of beads of each 
alginate product after exposure to non-sterilised wastewater was assessed over 4 weeks. 
ESEM images of several beads before exposure to the non-sterilised wastewater and after the 
4-week period were taken to check for surface deterioration and damage. 
4.2.3 Measurement techniques 
Key indicators for bead performance included N and P removal, and biomass produced within 
the beads and stability of the beads (measured in terms of Ca2+ loss, organic carbon (OC) loss, 
diameter, volume and resistance to compression) were determined after exposure to 
wastewater. Standard error of one standard deviation is reported where appropriate. 
Nutrient concentrations in the effluent were measured using low range HACH Test ‘N Tube 
method reagent sets for total P (TP, product no. 2742645), total N (TN, product no. 2672245) 
and ammonium (N-NH4+, product no. 2604545). After filtration of the effluent (0.45 μm 
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cellulose/acetate membrane filters) the following were measured: OC and IC using a Sievers 
5310C TOC Analyzer; the concentration of Ca2+ in the effluent (residual Ca2+) with a Varian 
AA240FS Zeeman Atomic Absorption Spectrophotometer; and dissolved nitrate (N-NO3-) and 
dissolved phosphate (P-PO43-) with a Thermo Scientific Dionex Aquion Ion Chromatography 
System. The amount of solid P in the effluent was calculated from the difference in TP and P-
PO43-. The increase in solid P in the effluent over the length of the culture was attributed to 
P-PO43- precipitation. Hence, the percentage of P-PO43- that was converted to suspended 










      Eq. (4.1) 
Algal cells were counted using a Neubauer improved bright-line Haemocytometer after 
dissolving beads in 2.5% Na-citrate. The number of beads in each culture was counted at the 
end of each run, allowing calculation of the concentration of algal cells in the effluent. Algal 
dry weight was determined by drying algae from dissolved beads that had been collected on 
0.45 μm cellulose/acetate membrane filters at 105 °C overnight. 
Bead diameter was measured with an electronic caliper and bead volume was calculated from 
the volume of water displaced by 40 beads. Images of beads were obtained with a scanning 
electron microscope under ESEM mode (FEI Quanta 200 ESEM). Resistance to compressive 
stress of beads was measured with a TA.XTplus Texture Analyser, with a cylindrical probe of 
3 mm diameter. The resistance over 1.5 mm of compression was reported with the trigger for 
initial measurement at 5 g of force. 
4.2.4 Characterisation of the alginate products 
The absorbance spectrum of 2% Na-alginate solution was determined over the 
photosynthetically active region (PAR, 400-700 nm) by a Thermo Scientific Helios Zeta UV-Vis 
spectrophotometer and smoothed by taking the average of five 1 nm intervals. The viscosity 
of 2% Na-alginate solution was measured with a Discovery Hybrid Rheometer 3 Series. 
Fourier-transform infrared (FTIR) spectrometry of Na-alginate powder and Ca-alginate 
between 400 and 4000 cm-1 were determined with a PIKE GladiATR FTIR and used to compare 
bands associated with G and M acids. To compare the relative molecular weight distribution 
of each Na-alginate product when in solution in Milli-Q water Liquid Chromatography – 
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Organic Carbon Detection (LC-OCD) at the UNSW Water Research Centre was used. A DOC 
Labor LC-OCD Model 8 was used with a Toyopearl TSK HW-50S column using phosphate buffer 
pH 6.4 as the mobile phase. 
Immobilisation efficiency was determined from the number of algal cells within the Ca-
alginate beads directly after formation and hardening in the CaCl2 solution.  
Porosity (ϵ) was based on the volume of beads after initial formation and volume of alginate 




        Eq. (4.2) 
The degree of cross-linking (N) was calculated using the rubber elastic theory (Boontheekul 




         Eq. (4.3) 
where G” (Shear modulus) was calculated from the shear stress versus deformation of 2% Ca-
alginate disks, measured with a TA.XTplus Texture Analyser. R is the universal gas constant of 
8.314 J/mol/K and T is the temperature in Kelvin. Q is the degree of swelling calculated from 




+ 1         Eq. (4.4) 
where 𝜌𝑤 is the density of water (0.9971 g/cm
3) at the test conditions. Qm was calculated by 
weighing freshly made Ca-alginate then drying to constant weight to remove all water and 
weighing the remaining alginate polymer. 
4.3 Results 
4.3.1 Alginate characterisation 
The weight averaged molecular weight (MW) values from the literature (Table 4.1) were 
determined by gel permeation chromatography. MV alginate (Yang et al. 2013) had a similar 
Mw to LV alginate (Gomez et al. 2007), which was supported by the LC-OCD results as they 
had a similar retention time and band strength in the high Mw range (Appendix B Figure B.1). 
LC-OCD also showed that FG had a similar Mw range to LV and MV.  
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The G and GG (consecutive G monomers) fraction values taken from the literature were 
determined by H1 nuclear molecular resonance spectroscopy. MV alginate (Yang et al. 2013) 
had a much lower fraction of G and GG than LV alginate (Gomez et al. 2007). FTIR peaks 
associated with M were allocated to 1024 cm-1 and G to 1084 cm-1 (Sakugawa et al. 2004). 
Comparing these peaks, MV alginate had a weaker G peak in proportion to the M peak than 
did LV alginate (Appendix B Figure B.2), which was consistent with the literature (Table 4.1). 
LV and FG had similar peak strengths at these wavenumbers, suggesting that FG has a similar 
M/G ratio to LV of 0.47. 
Over the PAR range, absorbance was greatest at 400 nm and decreased as wavelength 
increased, indicating each alginate product absorbed more blue than red light (Figure B.3). 
The absorbance at 400 nm of FG was much less than for LV, while MV absorbed the most light 
in this region. Over the shear rate range of 1-500 s-1 MV had the highest viscosity while FG 
had a similar viscosity to LV (Figure B.4). 
The efficiency of immobilising C. vulgaris in Ca-alginate beads was slightly higher for FG 
alginate (97.3%) than LV alginate (95.3%) and lowest for MV alginate (93.3%). This was 
correlated to the effective number of cross-links, which was 2.78 mol/m3, 2.20 mol/m3 and 
0.91 mol/m3 for Ca-alginate made from FG, LV and MV respectively. The porosity of beads 
from MV alginate was also the lowest (94.9%) while LV (96.8%) and FG (96.7%) beads had a 
similar porosity. 
  |92 
|92 
Table 4.1 Na-alginate polymer and Ca-alginate bead properties. 
 Unit FG LV MV 
Weight averaged 
molecular weight 
kg/mol - 23.2a 26.2b 
Polydispersity  - 2.15a 4.23b 
G fraction  - 0.70a 0.40b 
GG fraction  - 0.48 a 0.22b 
Absorbance at 400 nm  0.16 0.30 0.35 
Viscosity at 50 s-1 shear Pa.s 0.63 0.59 1.5 
Immobilising efficiency % 97.2 95.3 93.3 
Porosity % 96.7 96.8 94.9 
Cross-linking mol/m3 2.78 2.20 0.91 
a(Gomez et al. 2007), b(Yang et al. 2013) taken from literature. 
4.3.2 Synthetic effluent run 
The increase in cell concentration was not significantly different for FG (500%), LV (520%) or 
MV (550%), nor was N-NO3- removal significantly different between each alginate (9.7-10.3 
mg/L) after 9 days (Table 4.2). TP removal after 9 days (3.8-4.2 mg/L) was also independent 
of alginate product, and each led to greater than 98% removal of P-PO43-.  
Algal growth in each alginate depleted the IC content by 81-85% which caused an increase in 
pH to 9.9-10.1. This was consistent with the findings of Liang et al. (Liang et al. 2013) who also 
found an increase in pH with growth of C. vulgaris. This increase in pH leads to the 
precipitation of PO43- with Ca2+ (Solovchenko et al. 2016), which was observed in the effluent 
and directly on the beads. It is likely that the residual concentration of Ca2+ in the synthetic 
effluent (8 mg/L) increased because of the introduction of the Ca-alginate beads. After 
treatment of wastewater for 7 days Tam et al. (1994) found the amount of P contained in 
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blank alginate beads was comparable with the amount in beads inoculated with C. vulgaris, 
supporting that precipitation is a dominant mechanism. 
Table 4.2 Growth and nutrient removal at day 9 in synthetic effluent, values given are mean 
± SD of the duplicate runs. 
Parameter Unit FG LV MV 
Initial cell concentration x106 cells/mL 1.7 ± 0.1 2.1 ± 0.7 2.1 ± 0.2 
Number of beads beads/mL 3.1 ± 0.1 3.4 ± 0.1 3.1 ± 0.4 
Final cell concentration x106 cells/mL 8.6 ± 0.9 10.6 ± 2.7 11.4 ± 2.7 
N-NO3- removal % 49 ± 0 50 ± 1 47 ± 7 
P-PO43- removal % >98 >98 >98 
P-PO43- converted to 
suspended precipitate 
% 8 ± 1 17 ± 9 14 ± 8 
TP removal % 93 ± 1 83 ± 8 87 ± 7 
 
4.3.3 Real wastewater runs 
The initial conditions for the two runs are shown in Table 4.3. In Run 1, cell growth was lowest 
for FG (190%) compared with LV (260%) and MV (280%) (Table 4.4). The trend was similar in 
Run 2, FG again had the lowest cell growth (240%) compared with LV (320%) and MV (330%). 
The lower IC concentration of the real wastewater likely led to lower algal growth compared 
with synthetic wastewater. Biomass productivity in terms of dry weight of algal cells was 
higher for LV (160 µg/mL/d) than for both MV (120 µg/mL/d) and FG (120 µg/mL/d) in Run 2 
(Table 4.4). N-NH4+ removal appeared to be independent of alginate product for Run 1 (21.7-
23.5 mg/L) and Run 2 (20.2-21.4 mg/L) after 8 days. Greater rates of N removal compared to 
the synthetic run can be explained by the higher initial N, and that it was in the form of NH4+ 
in the real wastewater rather than NO3- which can increase N removal rates because algae 
preferentially assimilate NH4+ (Sanz-Luque et al. 2015), and N-NH4+ can be removed indirectly 
by volatilisation as NH3 whereas NO3- is more stable and not volatile (Cai et al. 2013). P-PO43- 
removal for Run 1 (5.14-5.29 mg/L) and Run 2 (4.26-4.29 mg/L) was not significantly different 
between FG, LV and MV alginate after 8 days. P-PO43- removal was rapid (Figure 4.1), 
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suggesting the dominant mechanism of removal was precipitation. There was an increase in 
pH to the same final pH (9.4-9.6) for each alginate product in Runs 1 and 2. 
For the blank beads in wastewater, a large amount of Ca2+ was released from the beads within 
the first hour of exposure to the wastewater (130-250 mg/L, with the least from MV), and the 
concentration changed less after the first hour (Figure 4.2C and D). The high Ca2+ 
concentration may have led to a large proportion of P-PO43- being removed by the blank 
beads, particularly over the first two days, and there was no significant difference between 
alginate products (Figure 4.2A and B). 
Table 4.3 Initial conditions for real wastewater trials, Runs 1 and 2, values given are mean ± 
SD of the duplicates of each run. 
  Unit Run 1 Run 2 
FG 
Cells x106 cells/mL 2.3 ± 0.2 2.6 ± 0.2 
Beads beads/mL 3.3 ± 0.1 2.5 ± 0.1 
LV 
Cells x106 cells/mL 2.0 ± 0.1 2.3 ± 0.0 
Beads beads/mL 3.2 ± 0.2 2.5 ± 0.0 
MV 
Cells x106 cells/mL 1.8 ± 0.2 2.5 ± 0.1 
Beads beads/mL 2.4 ± 0.3 2.4 ± 0.1 
pH   9.1 ± 0.0 7.8 ± 0.0 
N-NO3-  mg/L 0.70 ± 0.2 0.76 ± 0.40 
N-NH4+  mg/L 41.9 ± 1.4 36.7 ± 1.3 
TN  mg/L 52.6 ± 0.3 44.3 ± 0.4 
P-PO43-  mg/L 5.52 ± 0.40 4.79 ± 0.31 
TP  mg/L 11.4 ± 0.19 6.58 ± 0.66 
IC  mg/L 33.2 ± 0.7 39.7 ± 4.0 
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Figure 4.1 Results for algae inoculated beads in wastewater A) algal growth Run 1, B) algal 
growth Run 2, C) residual N-NH4+ Run 1, D) residual N-NH4+ Run 2, E) residual P-PO43- Run 1, 
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Figure 4.2 Results for blank beads in wastewater A) residual P-PO43-, pH 7.2, B) residual P-
PO43-, pH 9, C) residual Ca2+, pH 7.2, D) residual Ca2+, pH 9. Data points give mean values, error 
bars ± SD of the duplicates of each run. 
4.3.4 Bead stability 
Residual OC was consistently highest for MV and lowest for FG (Table 4.5). The increase in 
residual OC for blank beads demonstrates some loss of material from the alginate matrix. 
When measured by diameter or volume, MV beads were initially the smallest (3.7 mm, 0.028 
cm3) but after 1 day in wastewater swelled to be the largest (4.6 mm, 0.051 cm3). This 
compares with no significant change in size for FG (initially 4.0 mm and 0.031 cm3) and only a 
small change for LV (from 3.9 to 4.1 mm and 0.034 to 0.031 cm3). After the first day there 
were only slight changes in size for beads of each alginate product (Figure 4.3). 
Bead strength was determined in terms of the force required to compress the beads a set 
distance. Beads of each alginate product had a similar strength after being freshly produced, 
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LV beads did not lose much strength after 4 weeks in wastewater, with the force required to 
compress the beads decreasing only slightly compared to fresh beads. On the other hand MV 
beads lost more strength after 4 weeks in wastewater, with rupture occurring before reaching 
1.5 mm of compression (Figure 4.4B).  
ESEM images showed no significant differences in the surface of beads after 4 weeks in 
wastewater (Appendix Figure C.5). Only minor abrasions were visible and there was no 
indication of bacterial growth. A slightly smoother surface on the MV beads compared to FG 
and LV beads may have been a result of MV beads swelling. 
 
Figure 4.3 Size of algae inoculated beads in real wastewater A) diameter, B) volume. Data 





































  |99 
|99 
 
Figure 4.4 Resistance to compression of typical blank beads of each alginate product A) freshly 
produced bead, stored for one day in Milli-Q water used to rinse the beads B) after 4 weeks 
in wastewater. 
Table 4.5 Increase in dissolved organic carbon in effluent after 6 days, values given are mean 
± SD of the duplicates of each run. 
Conditions Unit FG LV MV 
Blank beads,  
synthetic (Trial 1) 
mg/L 0.5 ± 0.6 2.7 ± 0.9 4.4 ± 0.5 
Blank beads,  
synthetic (Trial 2) 
mg/L - 0.6 ± 0.5 0.4 ± 0.4 2.5 ± 0.4 
Inoculated beads,  
real wastewater (Run 1) 
mg/L 4.5 ± 0.7 6.9 ± 0.7 11.8 ± 2.3 
Inoculated beads,  
real wastewater (Run 2) 
mg/L 9.5 ± 1.4 10.9 ± 1.8 12.1 ± 1.9 
 
4.4 Discussion 
4.4.1 Algal growth 
There was less algal growth for FG than LV and MV for synthetic effluent and wastewater Runs 
1 and 2 (Tables 4.2 and 4.4). This may indicate that beads from LV and MV alginate gave better 
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damage to the cells (Mallick 2002). In addition, FG alginate had the greatest transmittance 
(Table 4.1) which may have resulted in a greater than optimal irradiance reaching the 
entrapped cells, which can inhibit the algae (Khalili et al. 2015). As there is a limited depth to 
which algal cells will grow in alginate (Jiménez-Pérez et al. 2004, Zamani et al. 2012, Zhang et 
al. 2008), the different size of FG, LV and MV beads (Figure 4.3) may affect algal growth. To 
explain, a batch of beads made from the same volume of alginate would have a greater total 
surface area if they were smaller and so would make more effective use of a given volume of 
alginate for algal growth. 
The results indicate the dry weight per algal cell was affected more by alginate selection than 
was cell growth. In Run 2 MV led to lower biomass production in terms of dry weight than LV 
despite having greater growth in terms of cell number (Table 4.4). MV beads were initially the 
smallest and then swelled rapidly on exposure to wastewater, which would result in more 
pressure on the cells as swelling can decrease the pore size of the alginate matrix (Smidsrød 
and Skjåk-Bræk 1990). The lower porosity of the MV beads compared to LV and FG beads 
(Table 4.1), may mean the Ca-alginate matrix exerted different pressure on the algal cells, 
which could affect the cell size, cellular metabolism and thus composition in terms of lipid, 
chlorophyll and protein content (Zeng et al. 2013). There would be a difference in the stocking 
density (population density of cells in each bead) between LV and MV because of the 
difference in bead size. The stocking density of cells entrapped in alginate can affect 
photosynthetic activity (Robinson et al. 1985), nutrient uptake (Megharaj et al. 1992) and 
extent of photoinhibition (Bailliez et al. 1986), which could explain why MV had lower biomass 
production than LV alginate. Higher biomass production for LV cultures would likely lead to 
more energy being available for recovery if the algae were used for biogas or biofuel 
generation. The lower increase in biomass for FG cultures would need to be balanced against 
the potential savings that could be achieved by using alginate that is not a laboratory product. 
4.4.2 Nutrient removal 
To compare the efficiency of the various systems at meeting the required discharge standard 
an estimation of HRT was made. The optimal rates of nutrient removal achieved for the real 
wastewater runs (Figure 4.1) for FG, LV and MV were 3.0, 2.7 and 4.1 x10-3 mg N-NH4+/d/bead 
and 0.85, 0.93 and 0.91 x 10-3 mg P-PO43-/d/bead, respectively. Scaling this directly to when a 
bead loading of 1:1 alginate bead to wastewater by volume as would be appropriate for 
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continuous operation of the algal reactor (6 times greater than what was used in this batch 
study), this gives 60, 51 and 59 mg N-NH4+/L/day and 13, 14 and 13 mg P-PO43-/L/day for FG, 
LV and MV, respectively. The median discharge standards as recommended by EPA Victoria 
(EPA Victoria 1995) to an inland water body are 2 mg/L NH4+ and 0.5 mg/L P. To treat the 
wastewater used in this study to this standard HRTs of 16, 18 and 16 hours would be required 
for FG, LV and MV respectively. This is comparable with the HRT of other studies with 
immobilised algae which are between 6.5 and 20 hours (Filippino et al. 2015, Travieso et al. 
1996 , Whitton et al. 2015) and demonstrates this algal system has potential to treat primary 
lagoon effluent within a reasonable time.  
Both N and P removal, whether NO3- or NH4+ was the predominant N ion, was independent 
of alginate product (Figure 4.1, Tables 4.2 and 4.4). This indicates differences in bead 
properties, such as between the beads from each alginate product in light transmittance 
(Table 4.1) affecting PAR availability, and tightness of the Ca-alginate matrix as reflected by 
the bead porosity (Table 4.1) made little difference to nutrient removal. Alginate selection 
also had potential to impact P removal by the indirect mechanism of PO43- precipitating with 
Ca2+ introduced with the beads. Fang et al. (2007) found that a large proportion of Ca2+ is not 
bound yet remains associated with the bead during the alginate hardening process. The 
degree of binding of Ca2+ to alginate would affect release to the wastewater either by 
diffusion of Ca2+, or, exchange of free water (with a high CaCl2 concentration) contained in 
the beads with the wastewater. In this study a large amount of Ca2+ was released from both 
blank and inoculated beads (Figure 4.2 and Table 4.4), with less released for MV beads. 
However, this did not lead to a significant difference in P-PO43- removal between alginate 
products, either for blank beads (Figure 4.2) or beads inoculated with algae (Figure 4.1). This 
can be explained by Ca2+ being in excess in all cases. This is supported by the results of Tam 
and Wong (2000), who found for C. vulgaris inoculated alginate beads and initial P-PO43- of 
5.5 mg/L that 19.5 beads/mL gave 91.5% P-PO43- removal, while 3.9 beads/mL gave 86.7% P-
PO43- removal after 24 h. 
The rapid release of Ca2+ from the beads (Figure 4.2) suggests that in a continuous system 
Ca2+ would not build up: a steady state will be reached, allowing assimilation to become the 
more prevalent form of P-PO43- removal than precipitation. A large increase in residual Ca2+ 
(567 mg/L) was also observed by Lau et al. (1997) after 24 hours in a batch system when using 
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a wastewater to alginate volume ratio of 3:1. It should also be noted that a large release of 
Ca2+ from the beads indicates that in batch experiments the way in which the beads are 
treated and rinsed before exposure to wastewater can significantly affect results. 
A maximum of 58% of P-PO43- removal for algae inoculated beads was accounted for by 
suspended P precipitate for all alginate products in each trial (Tables 4.2 and 4.4). This 
suggests a portion of P-PO43- was removed by attaching to the beads, which occurred for 
Jiménez-Pérez et al. (2004), as blank alginate beads rapidly accumulated P within 10 h. This 
would not be critical in the selection of alginate however, as if most of the P is attached to 
the beads it would be removed when the beads are settled from the wastewater, even if it is 
not assimilated by the algae. Additionally, if the ionic strength of the Ca-alginate matrix 
differed between the three alginate products used here the beads would attract PO43- in 
different proportions, directly affecting its removal and also leading to a difference in the 
microenvironment of the cells and so affect their metabolism (Bailliez et al. 1986, Mallick and 
Rai 1994). 
There was no difference in remediation by FG, LV and MV for each run despite the range of 
initial pH (7.2 – 9.1) which may indicate pH had little effect on the alginates. As the pH for 
each alginate of product in Run 2 increased to the same final pH as for each alginate product 
of Run 1 (9.4-9.6), any effects of wastewater pH on the alginate may have been obscured. The 
effect of initial wastewater pH was found to have little effect on remediation by Posadas et 
al. (Posadas et al. 2015), which can also explain why there was no difference for each alginate 
product for each run. Either way, since N and P removal were independent of alginate 
product, and differences in biomass increase were not significant, the cheapest alginate 
product that forms stable beads would be the best option for wastewater remediation. 
4.4.3 Bead stability 
Release of OC may indicate a loss of bead stability and is also undesirable in treated 
wastewater discharge. MV showed a consistently higher release of OC than LV and FG alginate 
(Table 4.5). Alginate that is physically trapped but not chemically bound within the bead 
would be released upon exposure to the wastewater. The initial smaller size and lower 
porosity of MV beads (Figure 4.3, Table 4.1) indicate a tighter polymeric matrix. As the binding 
process is rapid (Serp et al. 2000), a tighter polymeric matrix can result in more unbound 
  |103 
|103 
alginate being trapped in the bead. The swelling of the MV beads (Figure 4.3) may have 
resulted in more of this OC being released into the wastewater. Swelling (from 1.9 to 2.5 mm) 
was also found by Vílchez et al. (2001) for beads also made from alginate derived from 
Macrocystsis pyrifera. MV alginate had a lower G content (Table 4.1), and so may have more 
flexible polymer chains (Smidsrød and Skjåk-Bræk 1990). Fang et al. (2007) suggested that this 
leads to more curling and clustering of the alginate, making a smaller initial bead size. It can 
also result in more rapid cross-linking, with greater shrinking resulting in more trapped 
structures (Fernández Farrés and Norton 2014). Hence, greater flexibility of polymers of the 
MV alginate due to the higher M fraction can explain both the release of OC and bead 
swelling.  
Despite beads from each alginate having a similar resistance to compression after initially 
being made (Figure 4.4A), the structural strength of MV beads decreased after exposure to 
wastewater for 4 weeks (Figure 4.4B). This suggests deleterious changes occurred throughout 
the bead and shows that MV alginate forms less stable beads in wastewater. On the other 
hand LV and FG had similar strength after 4 weeks in wastewater (Figure 4.4B), indicating 
both were suitable for exposure to wastewater for long periods, such as would be required 
when continuously treating wastewater. This also means any differences in the 
manufacturing process of FG alginate did not affect the stability of FG beads in wastewater. 
The presence of bacteria that have enzymes capable of breaking down the alginate polymer 
was the critical factor that determined loss of alginate bead strength by degradation for Cruz 
et al. (2013) while Mujtaba et al. (2018) found for co-culture of immobilised sludge and 
Chlorella sp. that Ca-alginate beads were stable in wastewater. This indicates that the 
situations in which bacteria cause deterioration of the beads are dependent on the 
wastewater and treatment conditions. In the present study, the surface of blank beads did 
not change significantly after being in non-sterile wastewater for 4 weeks (Figure B.5), nor 
was there a significant change in the size of beads after initial swelling (Figure 4.3). This 
suggests that the wastewater did not have the concentration and/or species of bacteria that 
would lead to deterioration of alginate beads and that the loss of strength shown in Figure 
4.4 was through other means.   
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MV beads released the least Ca2+ (Figure 4.2) but the most OC (Table 4.5) and had the greatest 
loss in stability (Figure 4.4). This suggests that Ca2+ release was not directly related to bead 
stability. This is supported by the result of Funami et al. (2009) who found that the amount of 
Ca2+ bound to alginate was not necessarily related to the resultant bead properties, such as 
elasticity. Alternatively, rather than release of Ca2+ being related to binding efficiency, MV 
alginate formed beads of initially smaller size, meaning there was less Ca2+ within each bead 
available to be released into the wastewater.  
MV, the highest viscosity alginate, made the smallest beads on initial formation, whereas FG 
and LV had a similar viscosity and formed similar sized beads. This indicates initial bead size 
was related to viscosity. However, viscosity was not an indicator of either initial binding 
strength or stability in the wastewater, as the MV beads experienced the greatest swelling, 
release of OC and loss of compressive resistance. As viscosity can depend on more than one 
aspect of alginate polymer structure, it is reasonable that it cannot form a reliable indicator 
of bead performance. This is consistent with the findings of Fu et al. (2011) who found that 
the rheological behaviour of alginate was not a good indicator of Ca-alginate gel properties. 
Rather than Na-alginate rheology, alginate bead properties may instead depend on chemical 
properties such as MW, or the proportion and sequence of G and M. Furthermore, for Mw 
above 200 kDa, there will be less dependence on MW and more on the G content (Draget et 
al. 1994, Fu et al. 2011, Mancini et al. 1999). For a similar Mw, alginate with a lower G:M ratio 
forms a more elastic and weaker Ca-alginate matrix (Fu et al. 2011, Gomez et al. 2009, Iijima 
et al. 2002, Mancini et al. 1999). Reinforcing the importance of the G:M ratio, binding relies 
on consecutive G blocks as MG and GM sequences can interfere (Draget et al. 1994). This was 
in accordance with the result that MV alginate formed Ca-alginate with the least cross-linking 
(Table 4.1). Hence, the significant difference in GG content (Table 4.1) can explain the poorer 
stability performance of MV beads (Figure 4.4). The greater loss of strength by MV on 
exposure to wastewater suggests that alginate with a higher G fraction not only forms 
stronger beads but also makes beads which are more stable in wastewater.  
4.4.4 Conclusions 
MV beads swelled and lost the greatest structural strength after exposure to wastewater, 
indicating that alginate with a low G content is less suitable for algal immobilisation for 
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wastewater treatment. A lower G content led to less effective cross-linking in Ca-alginate, 
leading to a lower porosity and immobilisation efficiency. LV alginate led to greater biomass 
growth than did FG alginate, however this would be counterbalanced by the lower price of 
FG alginate. Significantly, nutrient removal was not affected by alginate selection, and FG 
alginate was found to be suitable for wastewater treatment. This indicates that the cost of 
alginate-immobilisation can be reduced by selection of lower priced alginate that has a 
sufficiently high G content. 
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Chapter 5 Preface 
In Chapter 4, it was identified that a food grade sodium-alginate product was a cheaper 
alternative to laboratory products and did not negatively impact treatment performance, so 
this product was used from this point forward. 
A goal of this chapter was to provide insight into where to best implement an algal system in 
new and existing wastewater treatment trains.  Hence, the response to treatment of different 
wastewater sources and controlled addition of nutrients to wastewater samples from a single 
wastewater source was examined for both suspended and immobilised cells. It was also 
desired to further explore the effect alginate-immobilisation has on the nutrient removal 
performance of algal cells when treating different wastewaters. This chapter addresses RQ3. 
A similar version to this chapter (excluding Section 5.3.7) has been published in the Journal of 
Chemical Technology & Biotechnology: 
Kube, M., Spedding, B., Gao, L., Fan, L. and Roddick, F. (2020), Nutrient removal by alginate‐
immobilized Chlorella vulgaris: response to different wastewater matrices. Journal of 
Chemical Technology and Biotechnology. 
 
  |114 
|114 
Chapter 5. Response of alginate-immobilised algal biotic and abiotic 
nutrient removal during treatment of different municipal 
wastewaters 
Abstract 
BACKGROUND: Immobilised algae are a promising tool to treat wastewater within a short 
time (<12 h) and to simplify biomass harvesting compared with suspended algal systems. This 
study examined the potential of alginate-entrapped Chlorella vulgaris to bioremediate 
secondary (with and without nutrient supplementation), primary and two lagoon municipal 
wastewaters. The capability of the system to adapt to these wastewaters was analysed by 
separating biotic and abiotic nutrient removal, and further evaluated by comparison with 
suspended cultivation. 
RESULTS: The algal N content (4.6-7.8 wt%) was closely related to the wastewater ammonium 
concentration (R2 = 0.97). The algal cells did not adapt N uptake as effectively to the 
wastewater nitrate concentration because both abiotic N and P removal increased. The algal 
P content (1.2-3.2 wt%) varied in response to the wastewater P and was inversely related to 
the initial cellular P content. The algal system could thus adapt nutrient uptake to the 
wastewater N:P level and ratio when ammonium predominated. Biomass production (35-73 
mg/L/d) increased with both dissolved organic and inorganic carbon with little impact from 
other wastewater characteristics. Immobilisation did not affect N and P uptake compared 
with suspended algae. 
CONCLUSION: Decoupling biotic and abiotic removal showed adaptation to the N:P of the 
wastewater and luxury P uptake had a significant impact during treatment of different 
wastewater matrices, and these traits were not affected by immobilisation.  Immobilisation 
enables an increase in N and P removal rate compared with suspended algal systems as 
nutrient uptake per cell is not affected and higher concentrations of algal biomass within the 
reactor are facilitated. 
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5.1 Introduction 
Considerable energy and chemical use can be required to remove nitrogen (N) and 
phosphorus (P) from wastewater (Longo et al. 2016, Paul et al. 2001). Removing these 
nutrients is important to prevent damage to the environment on disposal or to improve the 
treated wastewater quality for reuse. These nutrients are a valuable resource, and so should 
be removed in a way that allows for their recovery. This can be accomplished by algae growing 
in and assimilating nutrients from the wastewater, with subsequent harvesting of the algal 
biomass a value adding opportunity for resource recovery for energy and nutrient-rich 
fertiliser (Colzi Lopes et al. 2018, Santos and Pires 2018). When using algae to treat 
wastewater, both N and P can be reduced to low concentrations to meet allowable discharge 
standards, for example N < 10 mg/L and P < 0.5 mg/L for inland water bodies in Victoria, 
Australia (EPA Victoria 1995), avoiding the higher energy requirement, chemical use, and 
carbon emissions of alternative treatment options. 
The application of suspended algal systems can be limited by the difficulty of removing algae 
from wastewater after the treatment, and low concentrations of algae in the reactor, which 
results in low treatment rates with typical hydraulic retention times (HRTs) of 4-10 days (Park 
et al. 2011, Pires et al. 2013, Whitton et al. 2015). Immobilisation of algal cells by entrapment 
in alginate beads facilitates the initiation and maintenance of higher concentrations of algae 
in the reactor, enabling rapid nutrient removal (HRTs of < 12 hours) (Filippino et al. 2015, 
Whitton et al. 2018). The retention of algal cells in the immobilisation matrix means that the 
downstream use of the effluent (for discharge or recycling) is protected from contamination 
of algal cells, with <0.07% of the immobilised culture leaking for S. obliquus (Whitton et al. 
2018). The beads settle rapidly or can be separated from wastewater by sieving, simplifying 
harvesting of the algae (de-Bashan and Bashan 2010, Lam and Lee 2012). The beads can then 
be used directly as fertiliser or digested for biomethane production (Yadavalli and Heggers 
2013). Furthermore, cultivation in beads protects the culture from harmful contaminants in 
the wastewater and enables selection of an algal species which has favourable nutrient 
removal traits or high value for product recovery without risk of the species becoming 
contaminated over time (Covarrubias et al. 2012). The benefits of immobilisation need to be 
balanced against additional costs for the immobilised system such as provision of light and 
alginate (Whitton 2016). 
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The N and P content of algal cells can change to reflect the N and P concentration of the 
wastewater that they are treating (Kunikane et al. 1984). This change in algal N and P content 
in response to the nutrient concentration of the cultivation media has been shown in 
synthetic media and by controlled nutrient addition to a single wastewater sample (Arbib et 
al. 2013, Beuckels et al. 2015, Choi and Lee 2015, Liang et al. 2015, Silva et al. 2015, Xin et al. 
2010). It is not known whether this trait makes a meaningful contribution nor if the range of 
nutrient concentrations to which an alga can efficiently adapt is limited during treatment of 
different real wastewaters (Cabanelas et al. 2013). Understanding to what degree and in what 
way algal N and P uptake will adapt to a wastewater is important for designing the algal 
system to be suitable for each wastewater. 
Moreover, as these studies were completed on suspended systems, it is not known if the 
advantageous behaviour of algal adaptation of their N and P uptake also occurs for 
immobilised algae. The introduction of Ca-alginate beads can affect indirect nutrient removal, 
for example precipitation of phosphate with Ca2+ or attachment of phosphate and nitrate to 
the Ca2+ saturated matrices (Song et al. 2002b). The algal cells are in a unique growth 
environment when immobilised compared to when suspended as a result of physical pressure 
exerted on cells by the immobilisation matrix and the ionic interaction between the Ca-
alginate matrix and wastewater nutrients which can change the microenvironment around 
the cells (de-Bashan and Bashan 2010, Moreno-Garrido 2008, Zhang et al. 2008). Hence, along 
with indirect nutrient removal, there is potential for algal uptake to be impacted by 
immobilisation. 
Several studies that have compared alginate-immobilised with suspended algae showed that 
immobilisation increased, reduced, or had no effect on algal growth and nutrient removal 
(Castro-Ceseña et al. 2015, Jeanfils et al. 1993, Lau et al. 1997, Liu et al. 2019, Yan and Yu 
1997). These comparisons, which were based on cultivation in synthetic media, may also not 
translate well to real wastewaters, with immobilisation of C. vulgaris found to increase NH4+ 
removal and reduce PO43- removal from real wastewater but have no impact when treating 
synthetic media (Ruiz-Marin et al. 2010). These studies did not separate indirect and direct 
nutrient removal, which could explain the varied observations, and mean it cannot be 
concluded if the reported effects of immobilisation were from a change in the algae or from 
the alginate beads impacting abiotic nutrient removal. Quantification of both algal uptake and 
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indirect nutrient removal is needed to provide a true indication of how the system is impacted 
by immobilisation and responds to different wastewater matrices.  
In the present study, both direct (biotic) and indirect (abiotic) nutrient removal were 
quantified for immobilised and suspended C. vulgaris treating wastewaters with different N 
and P contents and ratios. The characteristics of the different wastewater matrices were 
correlated to nutrient removal, cellular nutrient content, and biomass production to 
determine their impact on immobilised C. vulgaris. This assists with deciding where to best 
utilise the system in the wastewater treatment train and thus in improving the design and 
integration of the algal system into new or existing treatment plants. This can be used to 
establish how to best harness the benefits of immobilised algae and will assist with process 
feasibility assessment. 
5.2 Materials and Methods 
5.2.1 Wastewater samples 
The wastewaters tested in this study included secondary effluent from an activated sludge 
plant, primary settled effluent from the same treatment plant and samples from the outlet of 
the primary lagoons of two different lagoon treatment plants. The secondary effluent was 
sampled on two different dates and supplemented with either nitrate (NO3-) or ammonium 
(NH4+). This allowed for comparison of different N:P ratios and the form of N (between NO3- 
and NH4+) in a controlled wastewater matrix. The wastewaters are denoted as: 
 SE1: activated sludge plant, secondary effluent. 
 SE2: secondary effluent taken on a different date. 
 SE1+NO3, SE1+NH4, SE2+NO3, SE2+NH4: either NO3- or NH4+ added to the respective 
samples. 
 Lag A: from the second of two aerated primary lagoons.  
 Lag B: from the outlet of a primary lagoon (not aerated). 
 PE: primary settled effluent. 
Wastewater samples were autoclaved (121 °C) to destroy existing algal cells and 
supplemented with dissolved nutrients (K2HPO4, NaNO3, NH4Cl, NaHCO3) to make up for 
losses during sterilisation and meet the desired nutrient levels for each run. The wastewater 
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was buffered with Tris (0.5 g/L) and the pH adjusted to 7.4 (± 0.3) with HCl (Beuckels et al. 
2015). The initial concentrations of the nutrients in the wastewaters are presented in Table 
5.1. 
Table 5.1 Initial nutrient concentration (mg/L) of each wastewater used for the 8 day 
treatment runs, mean ± SD (n = 3). To meet the desired feed nutrient levels 184 mg/L NaNO3 
was added to SE1+NO3, 115 mg/L of NH4Cl was added to SE1+NH4, 268 mg/L of NaNO3 to 
SE2+NO3, and 156 mg/L of NH4Cl to SE2+NH4. 
Run DOC DIC TP P-PO43- TDN N-NH4+ N-NO3- N:P 
SE1 31.2 ± 0.5 37.3 ± 0.3 10.3 ± 0.5 8.8 ± 0.0 9.0 ± 0.1 0.2 ± 0.0 8.8 ± 0.1 1.0 
SE1+NO3 31.2 ± 0.5 37.2 ± 0.9 11.2 ± 0.7 9.1 ± 0.0 39.2 ± 0.3 0.2 ± 0.0 39.0 ± 0.3 4.3 
SE1+NH4 31.2 ± 0.5 42.6 ± 0.9 9.9 ± 0.3 8.4 ± 0.1 37.9 ± 1.2 30.0 ± 1.1 7.9 ± 0.1 4.5 
SE2 30.8 ± 0.6 51.7 ± 4.6 6.4 ± 0.2 6.4 ± 0.2 6.5 ± 0.1 0.3 ± 0.0 6.2 ± 0.1 1.0 
SE2+NO3 30.8 ± 0.6 56.7 ± 1.2 7.7 ± 0.4 6.3 ± 0.4 51.5 ± 6.7 0.3 ± 0.0 51.2 ± 6.7 8.2 
SE2+NH4 30.8 ± 0.6 51.7 ± 4.6 7.1 ± 0.2 7.2 ± 0.3 46.1 ± 0.7 40.5 ± 0.4 5.6 ± 0.3 6.4 
Lag A 32.0 ± 0.3 58.9 ± 0.7 6.2 ± 0.1 5.0 ± 0.0 41.6 ± 2.1 41.1 ± 1.9 0.5 ± 0.2 8.3 
Lag B 50.3  ± 1.0 57.6 ± 0.7 14.2 ± 0.7 11.2 ± 0.2 32.0 ± 2.8 30.5 ± 1.9 1.4 ± 0.9 2.8 
PE 86.2 ± 1.1 56.8 ± 1.4 14.8 ± 0.9 12.3 ± 0.4 54.3 ± 0.1 53.3 ± 0.0 1.0 ± 0.1 4.4 
 
5.2.2 Experimental approach 
The entrapped system was tested for all wastewater samples. The system performance, 
including separation of indirect nutrient removal and algal uptake, was quantified and 
correlated to wastewater characteristics allowing analysis of the response of the entrapped 
system to various wastewater conditions. 
Comparison of the performance of entrapped and suspended C. vulgaris was conducted for 
SE1, SE1+NO3 and Lag B. These conditions were selected to encompass a range of wastewater 
sources, N:P ratios (1, 4 and 8) and both forms of N (NO3- and NH4+). This enabled direct 
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determination of the impact of immobilisation on the ability of the algae to adapt to 
wastewater nutrients. 
5.2.3 Bead preparation 
Chlorella vulgaris (CS-41) was obtained from the CSIRO Australian National Algae Supply 
Service and sub-cultured in MLA medium (Bolch and Blackburn 1996) in an algal culture 
cabinet at 23 °C under 16:8 hour (light:dark) fluorescent light. Cells were harvested by 
centrifugation after 4-6 days to be in exponential growth, redispersed in Milli-Q water, and 
added to Na-alginate solution to make a final concentration of 2% Na-alginate. Beads of 
entrapped algae were made by dripping the alginate-algae mixture into stirred 2% CaCl2. The 
beads, which were approximately 4.0 mm in diameter (Kube et al. 2019), were left in that 
solution to harden overnight and then rinsed by submerging twice in Milli-Q water for 20 
minutes to allow transfer of excess Ca2+ from the beads. To make blank beads the same 
procedure was used without the addition of algal cells. 
5.2.4 Experiment setup 
Erlenmeyer flasks containing 300 mL of wastewater were used in duplicate for alginate-
entrapped algae, suspended algae and wastewater controls (containing no beads or algae). 
C. vulgaris was added to the wastewater at 2 x106 cells/mL of wastewater (approximately 20 
mg dry weight /L of wastewater, 7 x 105 cells/bead) with a bead to wastewater ratio of 1:6 by 
volume. The cultures of algae in wastewater were incubated for 8 days on an orbital shaker 
at 125 rpm under an intensity of 180 μmol/m2/s LED light (Fluence Bioengineering, RAZRx 
fixture, PhysioSpecTM spectrum). The wastewater was replaced on day 2 and 5 creating a 
semi-batch system. The algal biomass was separated from the spent wastewater and then 
placed in fresh wastewater. For the immobilised system a mesh was used to retain the beads, 
for the suspended system the contents of the flask were centrifuged and the algal pellet 
retained. Before replacing the wastewater 10% of the algal culture was removed for sampling 
(30 mL of algal suspension(before centrifugation) or 90 beads for the entrapped system), and 
the volume of wastewater replaced into the system was also reduced by 10%, making no 
change to the ratio of biomass to wastewater due to sampling. Blank beads (90, 
approximately 10% of total beads) were added to each flask and, to account for interference 
from alginate, analysed for N and P using the same approach as for beads inoculated with 
algae. 
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5.2.5 Sample analysis 
Effluent samples were filtered (0.45 µm, cellulose-acetate membrane) for analysis of N-NH4+ 
using HACH Test ‘N Tube reagent set (product no. 2604545), phosphate (P-PO43-) and N-NO3- 
with a Thermo Scientific Dionex Aquion Ion Chromatography System, and dissolved organic 
carbon (DOC) and dissolved inorganic carbon (DIC) with a Sievers 5310C TOC Analyzer. For the 
suspended cell system total P (TP) (HACH Test ‘N Tube 2742645) was measured in the 
supernatant after centrifugation (3000 RCF) of effluent samples, for the entrapped system TP 
was directly measured in samples of the effluent. 
Algal cells were collected for determination of number, dry weight, and N and P content of 
the cells, allowing subsequent direct calculation of the N and P uptake of the algal biomass.  
To collect algal cells samples of suspended algae were centrifuged (3000 RCF) directly 
whereas samples of Ca-alginate entrapped algae were dissolved in 2.5 % Na-Citrate to release 
the algal cells for their collection by centrifugation. In each case the cell pellet was re-
suspended in Millli-Q water and cell number counted using a haemocytometer and optical 
microscope. The resuspended pellet was analysed for total N (TN) (HACH Test ‘N Tube 
2672245) which uses acid digestion and TP (HACH Test ‘N Tube 2742645) which uses alkaline 
digestion. To remove P precipitate 0.5 % Na-citrate and HCl (dropwise until pH 4) were added 
to the suspended cells before centrifugation. A portion of resuspended pellet was collected 
by filtration (0.45 µm, cellulose-acetate membrane) and oven dried at 105 °C for 
determination of dry weight. 
5.2.6 Calculations and statistical analysis 
The mean ± SD of the duplicate runs are presented. Total dissolved nitrogen (TDN) was 
defined as N-NO3- + N-NH4+ and total dissolved carbon (TDC) as DIC + DOC. The N:P of the 
effluent was calculated based on the dissolved nutrients, N:P = TDN/P-PO43-. 
Total nutrient removal was based on the difference between the feed and effluent nutrient 
concentrations. Algal uptake was calculated based on the nutrient content per dry weight of 
algae and the biomass production rate. Abiotic nutrient removal was calculated from the 
difference in total nutrient removal and algal uptake. 
As sampling was completed such that the ratio of effluent and algal culture was not changed 
the mass balance to quantify each mode of nutrient removal was not affected. 
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To compare the means of two samples a t-test was conducted, with equal or unequal variance 
for the t-test determined based on an F-test. 
The strength of correlation between data sets was assessed with a two-tailed t-test using tcrit 
calculated (Eq. 5.1) from the Pearson correlation coefficient (r) and degrees of freedom (n-k), 




.                                                               (Eq. 5.1)  
An F-test was also used to verify the significance of the correlation between data sets, using 




                                                           (Eq. 5.2) 
A significance level of 0.05 was used and p-values calculated from the t-test stated where 
appropriate to indicate the strength of the relationship. 
5.3 Results and Discussion 
The results of how the entrapped system responded to the different wastewater samples are 
discussed, including the mode of nutrient removal between abiotic and biotic means (Section 
5.3.1), trends in the uptake and removal of N (Section 5.3.2) and P (Section 5.3.3), the 
comparative removal of N and P (Section 5.3.4), and the biomass production rate (Section 
5.3.5). Comparison of the performance of the entrapped and suspended algal systems for the 
selected wastewater conditions is then discussed (Section 3.6). 
5.3.1 Biotic and abiotic nutrient removal of the algal systems 
As each of the nutrients NO3-, NH4+ and PO43- can be assimilated by algal cells or removed by 
indirect (abiotic) means, it is necessary to discuss the contribution of these different nutrient 
removal pathways. PO43- can precipitate with Ca2+, and the amount of precipitation increases 
with pH (Song et al. 2002b). Ca2+ can be present in the feed wastewater and also introduced 
with the Ca-alginate beads (Jiménez-Pérez et al. 2004). NO3- and PO43- may attach to alginate 
beads as the beads are likely saturated with Ca2+. At elevated pH NH4+ dissociates to NH3 (pKa 
= 9.3) (Siegrist et al. 2013), which is volatile and so can be lost to the environment (Zimmo et 
al. 2003). Wastewater pH can rise during treatment as a result of algal growth utilising the 
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inorganic carbon in the wastewater (Whitton et al. 2015). For each run there was a depletion 
of inorganic carbon (54-95%) with an increase from initial pH of 7.4 ± 0.3 to 8.4-10.5. The 
increase in pH led to high rates of indirect nutrient removal for some wastewaters (Figure 5.1) 
and could also mean pH rectification would be needed before disposal or reuse of the 
effluent. 
A higher maximum pH occurred for SE1+NO3 (9.5) and SE2+NO3 (10.5) than for SE1+NH4 (8.5) 
and SE2+NH4 (8.4) indicating the presence of N as NH4+ rather than NO3- lessened the pH 
increase. This was because NH4+ assimilation releases H+, whereas for NO3- assimilation H+ is 
consumed (Ullrich 1983). Taking all the wastewaters into account, this resulted in the NH4+ 
concentration having an inverse relationship with maximum pH (p = 0.010). A greater 
concentration of NH4+ will thus have the benefit of reducing the need to decrease the effluent 
pH post algal treatment. As precipitation of PO43- increases with pH (Song et al. 2002b) there 
was an additional benefit that a higher concentration of NH4+ reduced the proportion of 
indirect PO43- removal (p = 0.020). Higher DIC concentration in the wastewater also led to less 
indirect P removal (p = 0.005) due to an increased buffering capacity of the wastewater, 
competition between carbonate and PO43- for precipitation with Ca2+ (Song et al. 2002a). 
and/or promotion of algal growth leading to more algal nutrient uptake. Hence, by reducing 
indirect PO43- removal, higher concentrations of NH4+ and/or DIC will thus lead to more P 
being available for algal growth and later resource recovery.  
Taking all the wastewaters treated into account there was no correlation between the 
proportions of abiotic to biotic TDN removal with any wastewater characteristic. However, 
there was a greater proportion of abiotic TDN removal for SE1+NO3 (55%) and SE2+NO3 
(24%) than for SE1+NH4 (11%) and SE2+NH4 (19%). This was because NO3- can attach to the 
beads and the higher pH reached when treating SE1+NO3 (9.5) and SE2+NO3 (10.5) compared 
with SE1+NH4 (8.5) and SE2+NH4 (8.4). When using entrapped Scenedesmus obliquus to treat 
wastewater Whitton et al. (2018) also reported that the proportion of NH4+ compared to NO3- 
affected pH and consequently impacted the proportion of indirect nutrient removal and algal 
uptake.  
Collection and disposal of P precipitate can add to treatment costs (Paul et al. 2001), hence it 
is preferred that P attach to the beads rather than form a precipitate suspended in the 
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effluent. Treatment of wastewater that contained N mostly as NO3- (SE1, SE2, SE1+NO3 and 
SE2+NO3) led to more PO43- attachment to the beads compared to the other wastewaters for 
which the N was mostly NH4+ (p = 0.003) (Figure 5.1). However, between these groups of 
wastewater samples the difference in precipitate that was suspended in the wastewater was 
not significant (p > 0.5). The pH levels reached for SE1, SE2, SE1+NO3 and SE2+NO3 were >9.5, 
while for the other wastewaters the pH was <9.5. Precipitation of Ca2+ with carbonate is 
promoted at pH 9-11 (Song et al. 2002a), and so as the pH increased the level of Ca2+ in the 
wastewater decreased, promoting PO43- attachment to the Ca2+ saturated alginate beads. As 
the greater indirect P removal was due to an increase in attachment to the beads, the P would 
be removed from the wastewater when collecting the beads, avoiding the need for additional 
P removal processes. 
  
Figure 5.1 (A) The average rate of TDN removal over the 8-day cultivation period separated 
into abiotic and biotic means (primary axis) and the wastewater feed and day 8 effluent TDN 
concentration (secondary axis). (B) The average rate of P removal over the 8-day cultivation 
period separated into abiotic and biotic means (primary axis) and the wastewater feed and 
day 8 effluent P-PO43- concentration (secondary axis). Suspended algae runs are denoted by 
(susp). Mean ± SD of the duplicate runs. 
5.3.2 Nitrogen uptake 
The N and P contents of the algal cells (Figure 5.2) indicate how well the algae adapted to the 
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dry weight of algal biomass at day 8, with the highest for primary effluent and lowest for raw 
secondary effluent. Despite the wide range of N concentrations in the wastewaters (TDN of 
6.5-54.3 mg/L), the cellular N did not decrease below 4.6%, indicative of a minimum N content 
per cell resulting from N being abundant in many essential components of algal cells (Cai et 
al. 2013). The range in cellular N content is consistent with that for C. vulgaris of 5.0-10.1% 
when cultured in synthetic media with 10-50 mg/L of N-NO3- (Beuckels et al. 2015). 
When NO3- rather than NH4+ predominated in the wastewater a lower algal N content was 
obtained for SE1+NO3 (5.4%) and SE2+NO3 (5.5%) than for SE1+NH4 (7.1%) and SE2+NH4 
(7.2%). This was attributed to the greater indirect removal of NO3- than NH4+ reducing the 
amount of N available for algal uptake and a preference for the algae to assimilate N in the 
form of NH4+ rather than NO3- (Hellebust and Ahmad 1989, Sanz-Luque et al. 2015, Silva et al. 
2015). As a result, the relationship between the wastewater TDN concentration with TDN 
removal (p = 0.013) and the N content of the algal cells (p = 0.034) was much stronger if trials 
with high NO3- concentration (SE1+NO3 and SE2+NO3) are excluded (p = 0.00002 and 
0.00004, respectively). This indicates that the entrapped system was more capable of 
adapting to NH4+ than NO3- in the wastewater and that this made a significant difference in N 
removal for the different wastewater matrices. 
The remarkably strong correlation between N uptake and wastewater TDN, especially when 
NH4+ was present, demonstrates an ability to efficiently treat wastewaters with a variety of 
NH4+ concentrations and if the NH4+ concentration changes over time. It also shows that the 
ability of algal cells to adapt N uptake to the N concentration in the wastewater occurs for 
entrapped algae, and occurs even when the wastewater characteristics and sources 
(secondary effluent, primary effluent, lagoon wastewaters) are varied. 
In particular, the rate of algal TDN uptake from primary effluent and the lagoon wastewaters 
was 2.4-3.8 times greater than from raw secondary effluent (Figure 5.1). This was due to an 
increase in both biomass production (Figure 5.3) and change in N uptake per cell (Figure 5.2). 
To make best use of the algal system it would thus be logical to treat wastewater with higher 
NH4+ concentration. For example, at an activated sludge plant primary effluent is aerobically 
treated to remove NH4+ via a nitrification-denitrification process. The aeration utilised for this 
process could be reduced and the resultant additional NH4+ treated by an algal system either 
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in the secondary effluent or in a side stream of the primary effluent. This would reduce energy 
consumption (as aeration uses the most energy at a treatment plant (Longo et al. 2016)) and 
N2O emissions (a greenhouse gas by-product of the activated sludge process). 
Despite the different P-PO43- concentrations in the secondary effluent samples taken on 
different dates (SE1 had 8.8 mg/L and SE2 had 6.3 mg/L), when either raw, supplemented 
with NO3- or with NH4+, the algae had a similar N content after 8 days. The lower wastewater 
P content for Lag A also had no impact on N assimilation compared with Lag B and PE. This 
indicated the P concentration of wastewater had little effect on N uptake. Furthermore, 
considering all the wastewaters, neither the wastewater PO43-, nor any other characteristic, 
had a statistically significant impact on cellular N or TDN removal. This indicates that to predict 
N uptake from these wastewaters, characteristics other than the TDN concentration are of 
much less importance. 
   
Figure 5.2 A) Day 8 N content of algal cells (primary axis) and the wastewater TDN 
concentration (secondary axis), B) Day 8 P content of algal cells (primary axis) and the 
wastewater P-PO43- concentration (secondary axis), mean ± SD of the duplicate runs. Runs for 















































































Figure 5.3 The growth of immobilised algae in terms of cell number per mL of wastewater and 
the mass (dry weight) of each cell, (A1) and (A2) SE1 supplemented runs, (B1) and (B2) SE2 
supplemented runs, (C1) and (C2) lagoon and PE runs. Mean ± SD of the duplicate runs. 
5.3.3 Phosphorus uptake 
Taking all the wastewaters treated into account, the cellular P content, initially 2.0 ± 0.3% by 
weight, changed to 1.2-3.2% by day 8 (Figure 5.2). The lower the initial cellular P the greater 
the day 8 algal P content (p = 0.006), indicating promotion of luxury P uptake, which involves 
assimilation of P beyond what is required for functional components in the algal cell (Aitchison 
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synthetic media (Powell et al. 2009, Ruiz-Martínez et al. 2015), can explain why the P content 
of the algal cells (1.2-3.2%) was greater than the 0.5-1.3% reported for C. vulgaris in synthetic 
media when P-PO43- was varied from 2-10 mg/L (Beuckels et al. 2015). The results of the 
present study show luxury uptake also occurs for entrapped cells and will have a significant 
impact on P removal across different wastewater matrices. This means the conditions algae 
are cultivated in before use for wastewater treatment could be optimised to increase P 
removal and recovery. 
Taking all the wastewaters treated into account, PO43- removal was related to the wastewater 
PO43- concentration (p = 0.026). The P content of the algae was only weakly related to the 
wastewater PO43- (p = 0.052, Figure 5.2), but this was much stronger (p = 0.002) if SE1+NO3, 
for which luxury P uptake was significant, is excluded. The P content of suspended C. vulgaris 
also increased with controlled addition of PO43- to synthetic media (Liang et al. 2015) and a 
municipal wastewater sample (Choi and Lee 2015). The present study indicates that 
adaptation to the wastewater P concentration occurs for entrapped algae, and furthermore 
occurs despite the differences between the wastewater matrices treated, demonstrating its 
importance for understanding and maximising P removal from different wastewaters. 
For secondary effluent, a higher TDN concentration (as either NO3- or NH4+) led to a slightly 
higher cellular P content (Figure 5.2). Many functional components in algal cells (ribosomes, 
chloroplasts and nutrient-uptake proteins) contain a high proportion of N (Klausmeler et al. 
2004), and so N is important for P assimilation. The uptake of P being affected by the 
wastewater N concentration and the initial cellular P content weakened the relationship 
between cellular P and wastewater PO43-. Hence, unlike the independent relationship 
between cellular N and wastewater TDN, more characteristics of the wastewater will have a 
confounding influence P removal. 
5.3.4 N compared with P removal 
Simultaneous removal of N and P increases the benefit of having an algal system and also 
avoids one nutrient being depleted and potentially limiting the rate of uptake of the other 
nutrient. This is achieved most efficiently when removal of both nutrients is at a rate that is 
proportional to the contents of the feed wastewater.  
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The limited ability of algae to adapt to the NO3- concentration of the wastewater meant when 
the wastewater N:P was 8.2 (SE2+NO3), N would take 283% longer to be completely removed 
than P (Table 5.2). This can be mitigated by selecting an algal species that preferentially 
assimilates NO3- (Dortch 1990). Alternatively, treating an effluent stream in the wastewater 
treatment train from before nitrification (which involves conversion of NH4+ to NO3-) would 
mean greater NH4+ concentration, to which entrapped C. vulgaris could more readily adapt 
compared with NO3-. When the N:P was 1 (SE1 and SE2), N:P was being assimilated at a ratio 
of 3.7, and so P would take 260-263% longer to completely remove than N (Table 5.2). 
Treating a wastewater stream with a higher N concentration would lead to closer to 
simultaneous nutrient removal, with the benefit of removing more N within the same 
treatment time. Alternatively, the result that a lower initial cellular P content made a notable 
increase in P removal could be utilised. To elaborate, a batch of entrapped algae treated 
wastewater for 2-4 weeks before needing to be harvested and replaced with fresh cells 
(Whitton et al. 2018). Hence, each batch of algae could be cultivated in P limited conditions 
before entrapment, with the benefit to P removal only needing to last for the period over 
which that algal batch treats the wastewater. 
N and P removal was nearly simultaneous for the other wastewaters (Table 5.2), which was 
largely a result of the link between the wastewater N-NH4+:P ratio and the cellular N:P content 
(p = 0.023). Furthermore, neither N nor P removal were strongly correlated to algal growth (p 
> 0.1, whether in terms of biomass dry weight or cell number increase), highlighting how 
critical the ability of algae to adapt cellular nutrient content to the N and P of the wastewater 
is for efficient nutrient removal. In particular, for the primary effluent and lagoon 
wastewaters the time taken to completely remove N from each wastewater would be only 
27-46% longer compared with P (Table 5.2). This means similar treatment times would be 
needed regardless of which nutrient was targeted for removal and that the removal of one 
nutrient was not limiting that of the other. This demonstrates the effectiveness of 
immobilised algae to adapt to the wastewater to simultaneously remove NH4+ and P despite 
the large range of N:P (2.8 to 8.3) in these wastewaters. This has implications specific for 
immobilised systems: the immobilisation matrix can protect an algal species from being 
contaminated, which means that a particular species can be chosen (for example one that has 
a high lipid content or biomethane formation potential) and because of the ability to adapt 
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to nutrient levels and ratios it will be suitable to treat a range of wastewaters and cope with 
changes in nutrient concentration. 
Table 5.2 Ratio of the rate of algal N and P uptake from the wastewater (calculated from the 










SE1 1.0 3.7 P 263% 
SE1+NO3 4.3 3.2 P 35% 
SE1+NH4 4.5 4.1 P 9% 
SE2 1.0 3.7 P 260% 
SE2+NO3 8.2 2.1 N 283% 
SE2+NH4 6.4 4.6 N 40% 
Lag A 8.3 6.5 N 27% 
Lag B 2.8 2.2 N 29% 
PE 4.4 3.0 N 46% 
 
5.3.5 Biomass production 
During the first 2 to 5 days of treatment of each wastewater (except SE2) there was a slow 
increase in cell number (Figure 5.3 A1-C1), however cell size increased (Figure 5.3 A2-C2). This 
inverse relationship meant the lag phase, during which the algae adjust to the new culture 
conditions, did not have a negative impact on biomass production (Figure 5.4), and as a result 
the rate of biomass increase was nearly constant over the 8 day duration of each run (R2 of 
0.95 to 1.00). The rate of biomass production varied from 35.0 mg/L/d for secondary effluent 
to 143 mg/L/d for primary effluent (Figure 5.4) and was positively related to the wastewater 
DIC (p = 0.025) and DOC (p = 0.005) concentrations. This led to a strong relationship between 
biomass production and the wastewater TDC concentration (p = 0.002). This suggests both 
DIC and DOC contributed to algal growth, with C. vulgaris, Chlorella sp. and C. sorokiniana 
also shown to grow and remove nutrients under both heterotrophic and mixotrophic growth 
(Gao et al. 2019, Kim et al. 2013, Perez-Garcia et al. 2011). Furthermore, other characteristics 
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of the wastewater did not have a statistically significant impact on the amount of biomass 
produced, indicating TDC was the most critical characteristic for algal growth.  
In particular, TDC had a positive effect on the dry weight of each cell (p = 0.023, excluding 
high NO3- runs) but did not have a significant impact on cell number (p > 0.5). Producing larger 
cells on a weight basis suggests increases in the wastewater TDC concentration promoted 
production of cellular components not directly involved in cell multiplication, such as 
carbohydrates and lipids, which consequently improved biomass production. Larger cells 
were also observed when treating secondary effluent supplemented with NO3- compared 
with NH4+ or no N supplementation (Figure 5.3 B2 and C2). This was due to the different 
metabolic pathways for NO3- and NH4+ (Hellebust and Ahmad 1989), as exemplified by 
cultivation in NO3- compared with NH4+ leading to increased lipid content of Neochloris 
oleoabundans (Li et al. 2008) and higher NO3- concentration known to increase cell volume of 
C. kessleri (Lee and Lee 2002). Lower initial cellular P also increased cell size (p = 0.001), 
possibly as a consequence of P uptake increasing which can promote lipid synthesis (Zhu et 
al. 2015). 
The variations in cell size and composition (N and P content) emphasise that the wastewater 
will affect the yield between products such as proteins, lipids and biogas. Hence wastewater 
characteristics need to be considered in combination to maximise the value of resource 
recovery, with biomass increase most affected by TDC; TDC and NO3- predominating over 
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Figure 5.4 Rate of algal biomass increase (primary axis) and wastewater TDC concentration 
(secondary axis), mean ± SD of the duplicate runs. Runs for entrapped algae are denoted by 
(ent) and suspended algae by (susp). 
5.3.6 Comparison with suspended algae 
Biomass increase (Figure 5.4) was slightly lower for the entrapped than the suspended 
systems for each of SE1 (12% lower), SE1+NO3 (13%) and Lag A (10%). This may be because 
of physical pressure exerted on the cells by immobilisation (Zeng et al. 2013) or a reduction 
in nutrient availability due to the increase in abiotic removal for the entrapped systems. The 
reduction in biomass production being only minor indicates that in terms of biomass 
production there was minimal beneficial or negative consequence of immobilisation. 
The entrapped system led to greater PO43- removal from SE1 and SE1+NO3 than the 
suspended system because of the additional removal pathway of attachment to the beads 
(Figure 5.1). There was less indirect PO43- removal from Lag A as it contained less PO43-, and it 
contained NH4+ rather than NO3-. As a result, PO43- removal was similar for the suspended and 
entrapped systems. The high concentration of NO3- in SE1+NO3 led to greater indirect TDN 
removal for the entrapped system, whereas for SE1 and Lag A TDN removal was similar for 
each system. Compared with suspended C. vulgaris, alginate-entrapped C. vulgaris in primary 
effluent (Lau et al. 1997) and synthetic effluent (Yan and Yu 1997) also gave more PO43- 
removal but little difference in NH4+ removal. Jiménez-Pérez et al. (2004) also found 
entrapment increased P uptake, but contrarily gave less NO3- uptake, possibly as indirect 
nutrient removal was not measured. 
Despite the differences in indirect nutrient removal, the N and P content of suspended and 
entrapped cells adapted to the wastewater in a similar manner (Figure 5.5). This was by a 
decrease in cellular N and P for wastewaters SE1 and SE1+NO3 (Figure 5.5 A and B), and a 
decrease in cellular P, but an increase in cellular N, for Lag B (Figure 5.5 C). As immobilisation 
did not impact the ability of algae to adapt to wastewater, it was shown that immobilised 
algae can treat the same range of wastewaters and nutrient concentrations as suspended 
algae. Furthermore, immobilisation offers the opportunity to retain cells within a reactor, in 
order to accomplish this for a suspended system the algal cells would either have to be 
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recycled or kept in the reactor with a membrane. This means for the entrapped system the 
HRT and solids (algae) retention time (SRT) are not linked, enabling accumulation of high 
concentrations of algae in a reactor. The similar nutrient uptake per unit biomass for 
entrapped and suspended algae indicates that the increase in nutrient removal achievable 
with entrapped systems will be directly related to the higher concentrations of algal biomass 
facilitated by immobilisation. This means when selecting species, a focus can be made on the 
value of the products which can be recovered from the algal biomass, and the rate of nutrient 
removal can be increased by inoculating the wastewater with higher concentrations of beads 
or algae per bead, and the high-value species protected from contamination by the 
immobilisation matrix.  
The various wastewaters and nutrient concentrations treated in this study demonstrate that 
the algal system can be used in activated sludge plants or lagoon systems, to assist in both 
NH4+ and P removal. This could be in a system with small footprint such as a closed 
photobioreactor, or open systems utilising a mixture of natural and artificial light. As this work 
shows that immobilisation did not negatively impact the cells, the main barrier to application 
will be the cost of immobilisation. It may thus be more practical to use immobilised algae in 
more advanced high rate photobioreactors (such as air-lift and fluidised-bed type designs) to 
reduce the amount of beads needed, and as a nutrient polishing step. This would reduce the 
rate of fouling of surfaces which can reduce light transmittance compared with treatment of 
streams with higher organic carbon, and achieve low final N and P concentrations in the 
effluent while preventing contamination of the effluent with algal cells (unlike suspended 
systems) for either re-use or safe environmental discharge. 




Figure 5.5 N content of algal cells (primary axis) and P content of algal cells (secondary axis), 
for suspended compared to entrapped systems treating A) SE1, B) SE1+NO3, C) Lag A. Mean 
± SD of the duplicate runs. 
5.3.7 Implications for implementation 
Wastewater streams which are suitable for algal treatment depend on the relationships found 
between treatment performance and wastewater characteristics. Wastewaters with lower 
DIC and NH4+, such as the secondary effluent, had proportionally more indirect N and P 
removal and less algal uptake. Hence lagoon effluents, primary effluent, or secondary effluent 
with higher NH4+ concentration would be suitable when recovery of the nutrients in a more 
useable form is of interest. Wastewater streams high in NH4+, such as the lagoon and primary 
effluents, led to high N uptake. As these wastewater streams have higher turbidity and 
organics, when implementing an algal system high rates of fouling due to lower light 
transmittance may occur. Hence treatment of secondary effluent with a high NH4+ 
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on N removal. Furthermore, P removal was less dependent than N removal on whether 
secondary effluent, primary effluent or lagoon wastewater was being treated. Thus, the N 
concentration should be the main characteristic to consider when considering where to 
integrate an algal system into a treatment plant. As the adaptability of the algal cells was less 
effective at low N:P ratios, such as found in secondary effluent, when operating continuously 
this may lead to N being rapidly completely removed and consequently limiting the uptake of 
P. Hence, if simultaneous removal of N and P is desired, treatment of secondary effluent or 
other wastewater streams with a low N:P ratio would less efficient. As immobilisation did not 
impact the adaptability of the cells to the wastewater these findings are expected to be 
relevant whether using an immobilised or suspended C. vulgaris system. 
5.4 Conclusions 
Alginate-entrapped C. vulgaris were used to treat effluent with different N and P levels from 
lagoon, primary settling, and secondary treatment processes. N assimilation was strongly 
correlated to the wastewater NH4+ concentration, with no statistical impact from other 
wastewater characteristics. This meant adaptation to the NH4+ level of the wastewater 
(known to occur for suspended cells under controlled nutrient addition) also occurred for 
immobilised cells. This finding is significant considering the strength of correlation (R2 = 0.97) 
despite the variety in wastewater matrices that were treated. An increase in the NO3- 
concentration of wastewater led to an increase in both abiotic N and P removal, with algal 
assimilation of nutrients not adapting as effectively to the wastewater. An inverse 
relationship between initial algal P content and P assimilation indicated that immobilised cells 
also undergo luxury uptake of P, and that this phenomenon will make a significant 
contribution to nutrient removal from different wastewater matrices. Overall, the algae 
adjusted to the level of PO43- and NH4+ (but not NO3-) in the wastewater to allow removal at 
a proportion similar to that of each wastewater. Suspended and entrapped cells 
demonstrated the same nutrient uptake, indicating immobilisation did not compromise the 
rate or ratio of N and P uptake. This means that treatment times for a system of immobilised 
algae compared with suspended algae will be reduced proportional to the greater cell 
concentrations that immobilisation facilitates. 
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Chapter 6 Preface 
As it was identified in Chapter 5 that treating effluent with an elevated NH4+ concentration 
compared with secondary effluent was beneficial to treatment performance by alginate-
immobilised C. vulgaris, in this and subsequent chapters, supplementation with NH4+ was 
used.  
The work in this chapter was to further improve the performance of immobilised algae and 
to overcome the identified drawback of the short treatment duration. This was split into two 
aims: one (RQ4) was to select the conditions in which algae are cultivated before 
immobilisation and wastewater inoculation, the other (RQ5) was to compare a range of algae 
and select the algal species that gave more efficient performance and provide insight into 
traits that led to that algal species being more suitable for wastewater treatment when 
immobilised in alginate beads. These are paired here as it was hypothesised cultivation of the 
algae in different synthetic medium N and P concentrations could overcome species 
preferences for the N:P ratio each assimilated. 
This chapter has been written for future submission in Algal Research.  
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Immobilisation of algae by entrapment in alginate beads enables rapid nutrient removal from 
wastewater and simplifies biomass harvesting for resource recovery. The algal beads treat the 
wastewater until a decline in treatment performance occurs, at which point they need to be 
replaced. The operational cost of alginate supply and bead generation could be reduced by 
increasing the nutrient uptake capacity of the algal beads. This was investigated by comparing 
immobilised Chlorella vulgaris, Scenedesmus abundans, Selenastrum capricornutum and 
Coelastrum microporum in semi-continuous treatment mode and by modifying the nutrient 
level of the synthetic medium in which the cells were cultivated before immobilisation and 
wastewater inoculation. Cultivation in N-depleted or P-depleted medium did not lead to a 
lasting benefit to nutrient assimilation over 8 days of wastewater treatment. The ratio of N:P 
assimilated was species-dependent, which suggested C. vulgaris (cellular N:P of 6.1 ± 0.2) and 
S. abundans (2.6 ± 0.1) would be best suited for wastewater with a high and low N:P ratio, 
respectively. Bead durability was enhanced by algal assimilation of P, removing P from the 
wastewater so it could not interfere with the Ca-alginate, and the ability of the cells to adapt 
to the restricted growth environment of the alginate matrix. Beads with immobilised S. 
abundans exhibited these traits and thus achieved the greatest treatment duration of 42 days 
and algal cell production of 13.6 ± 0.7 x 106 cells/bead (1.0 ± 0.1 mg/bead of algal dry weight). 
This indicated that there was not a trade-off between biomass production and bead 
durability. Selection of S. abundans also achieved the greatest nutrient removal capacity (101 
± 8 µg N/bead and 45.9 ± 1.9 µg P/bead), demonstrating that the cost of alginate bead supply 
per unit of nutrient removed could be reduced. 
6.1 Introduction 
Finding economic solutions to treat larger volumes of wastewater with higher nutrient loads 
is an increasingly pressing issue for the water industry, especially if legislation on allowable 
nutrient concentrations in wastewater discharge becomes stricter. Broader issues facing 
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society include reliance on fossil fuels for energy, greenhouse gas emissions, and nutrient 
supply for food production. Use of algal technology for wastewater treatment can help to 
overcome these issues. Algae treat the wastewater by assimilating the nutrients nitrogen (N) 
and phosphorus (P) as they grow, and can achieve low concentrations in the effluent which 
reduces harm to the environment on discharge and promotes options for water reuse 
(Gonçalves et al. 2017). The algal biomass generated can be collected post-treatment for use 
as a fertiliser and/or as an alternative energy source through conversion to biofuels, for 
example bioethanol or biomethane (Higgins et al. 2016, Mehrabadi et al. 2016, Ward et al. 
2014). N removal (particularly NH4+) by an algal system instead of by aeration in the activated 
sludge process can reduce energy consumption for water utilities (Longo et al. 2016). Use of 
algae for P removal can offset the need for chemical alternatives of P precipitation that 
generate waste sludge (Paul et al. 2001). Thus, algal technology can add value to the 
treatment process. 
Despite these benefits, industrial uptake of the currently favoured algal technology of ponds 
utilising suspended microalgae has been slow. Light limitation and continuous loss of algae in 
the effluent keeps algae concentrations and thus treatment rates low in these systems (Pires 
et al. 2013). This leads to the requirement of large pond area which restricts their location 
based on land availability and local topography. Harvesting of the algal biomass is important 
for protection of the effluent quality and for resource recovery, however the low 
concentrations of microalgae and their small cell size make the harvesting process energy and 
chemical intensive (Prajapati et al. 2013). Alternatives to ponds of suspended microalgae such 
as membrane photobioreactors (Luo et al. 2017, 2018), algal biofilms (Kesaano and Sims 2014, 
Zhang et al. 2018) and macroalgae (Cole et al. 2016) have been proposed. This paper focuses 
on the system of microalgae immobilised in alginate beads, which involves entrapment of the 
algal cells in 3-4 mm diameter gel beads before wastewater inoculation (Whitton et al. 2015). 
The immobilisation matrix provides a controlled environment for algal growth, protecting the 
algae from harmful effluent contaminants and contamination by unwanted species 
(Covarrubias et al. 2012, Zeng et al. 2013). The algae can be harvested post-treatment by 
rapid settling or simple sieving of the beads (Lam and Lee 2012). By retaining algae in the 
beads high cell concentrations can be achieved, enabling use of compact reactors with short 
treatment times of < 12 h (Whitton et al. 2018). 
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During operation of a system of alginate-immobilised algae the algal beads treat the 
wastewater until there is a loss in treatment performance. At this point spent beads need to 
be collected and new beads produced from fresh alginate, which can be supplemented by 
recycling alginate from the collected beads, with up to 70% alginate recovery achieved by 
Murujew et al. (2019). As value can be added by collection of the algal biomass from the beads 
for product recovery it is desirable to facilitate generation of the greatest amount of biomass 
within the beads. The consumption of fresh alginate is the largest operating cost (Whitton 
2016), and so it is desirable for algal beads to remove the maximum amount of nutrients from 
the wastewater before the need for replacement. Hence, the present study investigates 
increasing the amount of N and P that can be taken up by each algal bead. 
Few studies have investigated immobilisation of different species for wastewater treatment. 
Immobilised Scenedesmus intermedius and Nannochloris sp. were compared but only in batch 
mode treating a synthetic medium for 9 days (Jiménez-Pérez et al. 2004). Immobilised 
Chlorella vulgaris was compared with Chlorella sorokiniana in batch mode for 6-8 days 
(Hernandez et al. 2006). Immobilised Scenedesmus obliquus removed more nutrients from 
wastewater than C. vulgaris and could treat wastewater for 7.5 days in a semi-continuous 
system (Ruiz-Marin et al. 2010). When comparing immobilised C. vulgaris and Scenedesmus 
bijugatus, removal of nutrients from a synthetic medium in a continuous system lasted for 4 
days before bead disruption (Megharaj et al. 1992). Hence, there is great scope to improve 
the efficacy of algal beads by investigating different species for immobilisation and 
wastewater treatment. 
As the algal cells are being periodically replaced at the end of each treatment cycle there is 
periodic opportunity to initiate a physiological change in the cells for a sustained benefit to 
treatment performance. Decreasing the concentration of N in the cultivation medium is 
known to affect algal metabolism and nutrient assimilation rates (Garbisu et al. 1992, 
Hellebust and Ahmad 1989, Sanz-Luque et al. 2015). Decreasing the concentration of P in the 
cultivation medium can trigger luxury uptake of P (Aitchison and Butt 1973, Powell et al. 
2009). Thus, modifying the nutrient content of the cultivation medium before wastewater 
inoculation could increase the uptake capacity of N and P per cell. This may lead to each algae-
packed bead taking up more nutrients and hence a reduction in the amount of alginate 
needed per unit of nutrient removed. 
  |146 
|146 
In this paper increasing the nutrient removal capacity of alginate-immobilised algal beads to 
reduce the operating expenses of supplying alginate and bead generation was investigated. 
To increase N and P uptake per cell and by extension, removal per bead, four different algal 
species were cultivated in N-depleted, P-depleted and normal conditions before 
immobilisation and wastewater inoculation. This could also affect the ratio of N:P taken up 
from the wastewater, allowing the system to be tailored for treatment of a given wastewater. 
The best cultivation conditions for each species were selected to compare the longevity and 
uptake capacity of the algal beads. Examination of treatment duration, mechanisms of bead 
deterioration, net nutrient uptake, and nutrient removal rate will develop understanding of 
which traits make a species most appropriate for this application. Ultimately, this will improve 
decision making on selection of species, and conditions of the media from which they are 
supplied, to improve the efficiency of wastewater treatment with alginate-immobilised algae. 
6.2 Materials and Methods 
6.2.1 Algal species and cultivation 
Algal cultures were purchased from the Australian National Algae Supply Service (ANASS) 
CSIRO and maintained in MLA medium (Appendix A Table A.1) (Bolch and Blackburn 1996) 
under 16:8 light:dark at 23 °C with constant aeration. Chlorella vulgaris (CS-41), Scenedesmus 
abundans (CS-935), Selenastrum capricornutum (CS-327) (also known as Raphidocelis 
subcapitata and Pseudokirchneriella subcapitata) and Coelastrum microporum (CS-930) were 
selected for immobilisation and wastewater treatment. All species were Chlorophyta with 
different characteristics of shape, biovolume and conformation (Appendix D Figure D.1). 
6.2.2 Bead preparation 
The algae were collected by centrifugation (3000 x g) after 7 days of cultivation in MLA 
medium to be in exponential growth phase. The algal pellet was collected and redispersed in 
Milli-Q water and mixed with 2.5% Na-alginate (Melbourne Food Ingredient Depot) to give a 
final concentration of 2% Na-alginate and provide an inoculum of 5.6 x 105 cells/bead. The 
alginate-algae mixture was dripped through a needle into stirred 2% CaCl2 to form Ca-alginate 
beads of entrapped algae. The beads were left to harden overnight and rinsed twice for 20 
minutes in Milli-Q water before wastewater inoculation. Blank beads were made using the 
same procedure without addition of algal cells. 
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6.2.3 Experimental approach 
The first experiment involved modifying the nutrient concentration in which the algae were 
cultivated before wastewater inoculation. Each species was cultivated in 3 different N:P levels 
of MLA (Table 6.1): N:P of 1 (Low N) by reducing the amount of NaNO3 added to MLA to 
provide N-depleted medium, N:P of 4.5 (Normal) which was the original MLA recipe, and N:P 
of 16 (Low P) by reducing the amount of K2HPO4 added to MLA to provide P-depleted medium. 
Cells cultivated in these conditions were immobilised at the same concentration and used to 
treat wastewater for 8 days using the semi-continuous treatment method described below. 
Analysis of the effluent and collection of algal cells at the end of the 8-day run enabled 
identification of any significant benefit to treatment performance. 
The second experiment involved comparison of the long-term treatment capability of each 
species. All species were cultivated in the normal MLA recipe before wastewater inoculation. 
Semi-continuous treatment was utilised, and each run was terminated if there was significant 
bead deterioration or decrease in effluent quality. Some (90) blank beads (beads without 
addition of algal cells) were added to each flask to determine if bead deterioration depended 
on the presence of cells within the bead. Beads (8) and effluent were sampled when replacing 
the wastewater every second day. 
Table 6.1 The N and P concentration (mg/L) of the MLA medium used to cultivate algae before 
wastewater inoculation. 
 MLA Condition 
 Low N Normal Low P 
P (as P-PO43-) 6.2 6.2 1.4 
N (as N-NO3-) 7.0 28 28 
N:P 1 4.5 16 
 
6.2.4 Wastewater treatment conditions 
Municipal secondary effluent was sourced from the outlet of an activated sludge process of a 
local wastewater treatment plant. The wastewater (which initially had negligible ammonium 
(NH4+)) was dosed with NH4Cl to give a TN:TP ratio of 4.5 to match that of MLA medium and 
enable comparison of NH4+ removal between species. The wastewater characteristics are 
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shown in Table 6.2. The wastewater was inoculated with 2 x 106 cells/mL at a 
bead:wastewater volume ratio of 1:6. The algae were cultivated in 300 mL of wastewater in 
Erlenmeyer flasks under continuous 180 µmol/m2/s LED light (Fluence Bioengineering, RAZRx 
fixture, PhysioSpecTM spectrum) and 120 opm on an orbital shaker, which was the minimum 
rotation speed to keep the beads in suspension to increase nutrient diffusion and light access 
to the cells. The wastewater was replaced every second day giving a semi-continuous 
treatment system. A flask of wastewater without addition of beads was cultivated under the 
same conditions giving a wastewater blank (WWB) as a control.  
Table 6.2 Wastewater characteristics (mg/L) used in the first and second stage of 
experiments, mean ± SD (n=3). 
 Stage 1 Stage 2 
TP 10.7 ± 0.2 9.1 ± 0.1 
P-PO43- 10.5 ± 0.5  8.5 ± 0.0  
DIC 17.3 ± 0.1 39.0 ± 1.0 
DOC 14.4 ± 0.1 31.5 ± 0.7 
TN 52.7 ± 1.5  49.0 ± 0.8 
N-NH4+ 39.2 ± 0.7 38.3 ± 0.2 
N-NO3- 6.6 ± 0.2  5.5 ± 0.1 
pH 7.7 ± 0.2 7.7 ± 0.0 
 
6.2.5 Analytical methods 
The mean ± SD of triplicate measurements are presented unless otherwise stated. Cell 
number was determined by counting with a haemocytometer and light microscope. Beads 
were first dissolved in 2.5% Na-Citrate solution to count immobilised cell numbers. At the end 
of the 8-day treatment run the remaining beads were dissolved, the cells collected by 
centrifugation (3000 x g) and resuspended in Milli-Q water. Total phosphorus (TP) (HACH Test 
‘N Tube 2742645), total nitrogen (TN) (HACH Test ‘N Tube 2672245) and dry weight (by 
filtration (0.45 µm) before oven drying at 105 °C) of the cell suspension were measured for 
determination of the N and P content of the algal cells. 
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The effluent was analysed directly for TP (HACH Test ‘N Tube 2742645), TN (HACH Test ‘N 
Tube 2672245), pH (MettlerToledo SevenEasy), turbidity (HACH 2100AN IS Turbidimeter) and 
cell number (haemocytometer).  Filtered (0.45 µm) effluent samples were analysed for 
ammonium (N-NH4+) with HACH Test ‘N Tube 2604545, nitrate (N-NO3-) and phosphate (P-
PO43-) with a Thermo Scientific Dionex Aquion Ion Chromatograph, and dissolved organic 
carbon (DOC) and dissolved inorganic carbon (DIC) with a Sievers 5310C TOC Analyzer. 
Images of the effluent from the end of each run were taken to show the presence of algal 
cells and alginate fragments using a ZEISS Axiovert 25 Inverted phase contrast microscope 
fitted with phase contrast filters to better distinguish the mostly transparent alginate from 
the background. Images of cross sections of beads from the end of each run were taken to 
show the growth conformation of cells in the beads with the same microscope without use of 
pH filters. Images of whole beads, both inoculated and blank beads, were taken every second 
day to document bead degradation with a ZEISS SteREO Discovery.V8 optical microscope.  
6.3 Results and Discussion 
6.3.1 Modification of pre-treatment cultivation conditions 
After cultivation in different MLA conditions the cells of each species had a wide range of N 
(2.0-9.2%) and P (0.8-2.0%) contents, indicating they were adapting to the nutrient level in 
the MLA and thus underwent a physiological change that may affect nutrient uptake once 
exposed to the wastewater.  
The internal N:P ratio of C. vulgaris (1.9-8.8) and S. abundans (1.3-10) after cultivation in MLA 
adapted most consistently to the N:P of the MLA (N:P 1 to 16) (Figure 6.1A-B). After cultivation 
in Low N MLA C. vulgaris and S. abundans cells had a lower N content (2.9%, 2.0%, 
respectively) compared with those in Normal MLA (6.4%, 6.7%), and after cultivation in Low 
P MLA cells had a lower P content (0.8%, 0.8%) compared with those in Normal MLA (1.5%, 
2.0%). For both species however, the N:P content of the algal cells after 8 days treatment of 
the wastewater was independent of initial MLA cultivation condition (Figure 6.1A-B). This 
meant that the different cultivation conditions had little impact on the removal rate of N-NH4+ 
(3.39-3.59 µg/bead/day, 2.62-2.66 µg/bead/day), or P-PO43- (1.24-1.39 µg/bead/day, 1.62-
1.63 µg/bead/day) for C. vulgaris and S. abundans, respectively (Figure 6.2). 
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Figure 6.1 The N, P and N:P content of algal cells based on weight from cultivation in N-
depleted MLA (Low N), unmodified MLA (Normal), and P-depleted MLA (Low P) and after 8 
days treatment of wastewater for A) C. vulgaris, B) S. abundans, C) Sel. capricornutum and D) 
Coel. microporum, mean ± SD (n =3). 
Coel. microporum cells followed mostly the same trend of a lower N content (5.6%) after 
cultivation in Low N MLA compared with those in Normal MLA (9.2%), and a lower P content 
(1.3%) after cultivation in Low P MLA compared with those in Normal MLA (1.9%) (Figure 
6.1D). However, the algal cells that had undergone Low P MLA cultivation had a slightly 
elevated P content (1.6%) after 8 days of wastewater treatment compared with those 
originally cultivated in Normal (1.3%) and Low N (1.3%) MLA. This led to a lower N:P content 
per cell (4.7 compared with 5.2 and 5.2, respectively), indicating depletion of P in the 
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wastewater. This can explain why cells cultivated in Low P MLA removed N-NH4+ (2.54 
µg/bead/day) at a slightly lower rate compared with cells from Normal (3.06 µg/bead/day) 
and Low N (3.08 µg/bead/day) MLA. Coel. microporum cells are larger and more complex than 
the other species (Appendix C Figure C.1D), with a longer lag phase (Bouterfas et al. 2002), 
and so may take longer to adjust to new conditions, which could have led to the cultivation 
conditions before inoculation having a more noticeable effect during the wastewater 
treatment.  
The internal N:P ratio of Sel. capricornutum cells (5.5-6.7) did not vary as much in response to 
cultivation in MLA with different N:P ratios (Figure 6.1C), indicating that the cells had a less 
adaptable internal nutrient content compared with the other species. The cellular N (6.5%) 
and P (1.0%) content after cultivation in Low P MLA was slightly lower than the cellular N 
(8.6%, 8.5%) and P (1.6%, 1.3%) content for Normal and Low N MLA, respectively. After 8 days 
treating wastewater this led to the N (5.5%) and P (1.1%) of cells originally from Low P MLA 
cultivation to be lower compared with the N (7.4, 6.6%) and P (1.4%, 1.4%) of cells from Low 
N and Normal MLA conditions, respectively. This indicated that being under stress from 
cultivation in the Low P MLA (which had an N:P ratio of 16), resulted in the negative 
consequence of a reduced N and P uptake per cell. This did not affect the cellular N:P content 
(4.9-5.2, independent of MLA condition) after treatment of the wastewater for 8 days, nor 
did it lead to a significant variation in N-NH4+ (2.53-2.67 µg/bead/day) or P-PO43- removal 
(1.41-1.51 µg/bead/day) (Figure 6.2). Despite the known characteristics of N and P starvation 
triggering a change in algal metabolism, the algae rapidly adapted towards equilibrium with 
the wastewater, and so modifying the pre-treatment cultivation conditions did not result in a 
lasting benefit to treatment performance for any of the algal species. 
After treatment of the wastewater for 8 days the cellular N:P ratio was highest for C. vulgaris 
(6.1 ± 0.2, regardless of MLA condition in which originally cultivated in) and the lowest for S. 
abundans (2.6 ± 0.1). The wastewater TN:TP was 4.9, so C. vulgaris was assimilating N in 
excess of P, and S. abundans was assimilating P in excess of N. The internal N:P of Sel. 
capricornutum  (5.0 ± 0.2) and Coel. microporum (5.0 ± 0.2) more closely reflected the TN:TP 
of the wastewater. This led to N-NH4+ removal being highest for C. vulgaris, and removal of P-
PO43- being highest for S. abundans (Figure 6.2). The change in the wastewater N-NO3- level (-
0.19 to 0.30 µg/bead/day) was not substantial for any species (Figure 6.2). The difference in 
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cellular N:P content indicates that C. vulgaris may be more appropriate for wastewaters with 
a high N:P ratio and high N content, whereas S. abundans may be more appropriate for 
wastewaters with a low N:P ratio and high P content. When algae are exposed to excess 
nutrients they assimilate nutrients to reflect the N:P of structural components of the cell, 
which are species-dependent (Klausmeler et al. 2004, Loladze and Elser 2011). In the present 
study the algae were exposed to excess nutrients due to the high N and P concentration in 
the wastewater, which resulted in N:P assimilation depending on species. This could not be 
overcome by modifying pre-treatment conditions, indicating that species selection is an 
appropriate method to enable N:P removal at a ratio closer to the N:P of the wastewater. 
 
Figure 6.2 The average rate of nutrient removal per bead over 8 days treatment of 
wastewater for each species which were originally cultivated in N-depleted MLA (Low N), 
unmodified MLA (Normal), and P-depleted MLA (Low P), mean ± SD (n = 3). The feed 
wastewater supplied 1.68 ± 0.08 µg P-PO43-/bead/day, 6.10 ± 0.11 µg N-NH4+/bead/day, and 
1.02 ± 0.03 µg N-NO3-/bead/day. 
6.3.2 Long-term treatment of wastewater 
After it was determined that cultivating the algae in N- or P-depleted MLA before 
immobilisation and wastewater inoculation did not enhance nutrient removal, the algae were 
cultivated in normal MLA before wastewater inoculation to study the long-term treatment 
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6.3.3 Bead longevity 
Bead deterioration was indicated by a decrease in inoculated (Figure 6.3B) and blank (Figure 
6.3C) bead size, an increase in turbidity, cell number and DOC in the effluent (Figure 6.4), and 
visually for both inoculated (Figure 6.5 A2) and blank (Figure 6.5 B2) beads (Appendix C Figure 
C.2-5). The increase in cell number in the effluent at the end of each run was from cells 
escaping from the beads, either from the Ca-alginate matrix loosening or breaking. The 
decline in bead size likely resulted from the Ca-alginate matrix weakening during exposure to 
the wastewater leading to physical pressure from cell growth and abrasion from mixing 
causing pieces to break off from the beads. This led to the effluent containing a mixture of 
suspended cells and Ca-alginate fragments at the end of each run (Figure 6.5 C3, Appendix C 
Figure C.6), both of which would have contributed to the increase in turbidity. DOC increase 
during periods of bead diameter decline suggests that the Ca-alginate beads were also 
dissolving into the effluent and/or algae were excreting algal organic matter (AOM). Overall, 
the decrease in effluent quality was contributed from release of algal cells from the beads, 
release of AOM from the cells, dissolved Na-alginate, and fragments of Ca-alginate. 
Before such deterioration occurs, the algal beads would need to be harvested and new beads 
generated to recommence the treatment cycle. Beads of Sel. capricornutum and Coel. 
microporum lasted in the wastewater for the shortest time, with bead size beginning to 
decrease on day 2 and 4 from an initial diameter of 3.61 ± 0.08 cm and 3.67 ± 0.06 cm to reach 
3.02 ± 0.15 cm and 3.04 ± 0.17 cm by day 8, respectively (Figure 6.3B). The turbidity in the 
effluent, which was initially 3.60 ± 0.04 NTU, increased substantially to 464 ± 11 NTU for Coel. 
microporum and to 73.9 ± 0.2 NTU for Sel. capricornutum by day 8 (Figure 6.4A). C. vulgaris 
performed satisfactorily for 16 days before the beads began decreasing in size, initially having 
a diameter of 3.63 ± 0.12 cm and declining to 3.40 ± 0.07 cm by day 22, corresponding with 
an increase in turbidity to 91.8 ± 1.0 NTU. S. abundans beads lasted the longest, with no 
significant change in bead size (initially 3.72 ± 0.11 cm compared with 3.70 ± 0.09 cm on day 
42), but still with a decline in performance shown by an increase in turbidity to 70.9 ± 0.1 NTU 
on day 42. Hence, the cost of bead regeneration would be reduced for S. abundans beads as 
they lasted in the wastewater for a significantly longer period, reducing the frequency at 
which new beads would be needed. 
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Each species could grow in the beads as shown by an increase in immobilised cell number 
(Figure 6.3A) and visibly in cross sections of the beads (Appendix C Figure C.7). However, the 
maximum cell numbers reached for Sel. capricornutum (2.86 ± 0.17 x 106 cells/bead) and Coel. 
microporum (0.99 ± 0.32 x 106 cells/bead) were much lower than for S. abundans (13.6 ± 0.7 
x 106 cells/bead) and C. vulgaris (7.37 ± 0.91 x 106 cells/bead). There was a rapid increase in 
cell concentration in the effluent, from a concentration of 4 ± 2 x 104 cells/mL in the feed to 
4.72 ± 0.65 x 106 cells/mL for Coel. microporum and 6.04 ± 0.70 x 106 cells/mL for Sel. 
capricornutum by day 8 (Figure 6.4B), showing that these species grew well in the wastewater. 
Producing lower cell concentrations within the beads thus indicates that the cells were 
adversely affected by immobilisation. Coel. microporum had the largest cells (Appendix C 
Figure C.1D), and Sel. capricornutum were sickle shaped (Appendix C Figure C.1C). It is possible 
that the physical pressure exerted on the cells and the forced constriction within in the 
alginate matrix inhibited growth for these species. In comparison, despite suspended cells of 
S. abundans being ovoid, having spines and growing in groups of four, they changed 
conformation when cultivated in the immobilisation matrix (Figure 6.5C1-C2 and Appendix C 
Figure C.7B1-B2 show cross sections of S. abundans inoculated beads which can be compared 
with suspended cells in Appendix C Figure C.1B). This shows that S. abundans adapted to the 
constrained environment of the Ca-alginate matrix, allowing production of higher 
concentrations of algae per bead. Coel. microporum and Sel. capricornutum may not have 
been as readily adaptable, and so were not capable of producing as high cell numbers from 
the wastewater when immobilised (Figure 6.3A). 
Physical pressure from cell growth contributed to bead deterioration as there was a greater 
reduction in bead size for Coel. microporum and Sel. capricornutum inoculated beads (by 
17.0% and 16.4%, respectively) than for blank beads (by 6.8% and 10.9%) exposed in the same 
flasks of wastewater for 8 days. In addition, C. vulgaris and S. abundans inoculated beads 
were 2.5-2.9% larger in diameter on average than the blank beads before bead deterioration 
began, providing evidence of physical pressure on the Ca-alginate matrix from the 
entrapment of algal cells. However, there were additional mechanisms of bead deterioration 
as blank beads also declined in size (Figure 6.3C) and visibly underwent deleterious change 
(Figure 6.5 B2, Appendix C Figure C.2,4-5). S. abundans beads resulted in the highest cell 
numbers, yet this did not lead to greater deleterious change to beads, supporting that bead 
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deterioration was not solely a consequence of physical pressure on the alginate matrix from 
growth of the algal cells. Slight expansion of C. vulgaris and S. abundans beads counteracted 
periods of deleterious change, leading to fluctuations in bead size (Figure 6.3B). This may have 
been a result of pressure on the matrix due to the presence of cells or, as blank beads also 
expanded in certain periods (Figure 6.3C), due to loosening of the alginate matrix from 
exposure to the wastewater, supporting the idea that bead deterioration was from the dual 
cause of algal growth and environmental conditions. 
Despite containing no cells, the decrease in blank bead size depended on the culture in which 
they were present (Figure 6.3C), meaning a species-dependent change in the wastewater 
environment contributed to bead deterioration. The effluent pH for S. abundans (average of 
10.1) was slightly higher than for C. vulgaris (average of 9.76) (Appendix C Fig. C8A), which 
could weaken the beads by causing greater electrostatic interaction between anions in the 
wastewater and the Ca2+ which binds the Ca-alginate matrix (Jiménez-Pérez et al. 2004). 
However, as the pH increase was a result of DIC decline, which was consistently removed at 
the greatest rate for S. abundans (Appendix C Figure C.8B), there was less DIC (which 
predominately consists of HCO3- and CO32- at these pH levels) available to weaken the Ca-
alginate matrix. S. abundans beads were also exposed to less P than C. vulgaris beads (Figure 
6.6A), with an average TP concentration in the effluent of 1.43 mg/L over days 2-28 compared 
with 2.60 mg/L over days 2-16, respectively. The difference in TP removal was likely a result 
of algal assimilation, with the cellular P content of S. abundans (2.3-2.4%, Figure 6.1B, 
regardless of MLA pre-treatment condition) being greater than any of the other species (1.1-
1.6%, Figure 6.1A and 6.1C-D). This suggests species with a high P content per cell will lead to 
more stable beads. The lower initial growth of immobilised cells of Sel. capricornutum (days 
0-4) and Coel. microporum (days 0-8) (Figure 6.3A) would also have reduced algal P and DIC 
assimilation, causing the beads to be exposed to higher concentrations of anions, contributing 
to the rapid rate of deterioration for these beads. Removal of PO43- and DIC by algal 
assimilation enhancing bead stability explains why the blank beads also deteriorated and why 
bead stability was species-dependent. 
Beads of S. abundans had the greatest longevity in wastewater and produced more algae per 
bead, demonstrating there was not a trade-off between biomass production and treatment 
duration. The greater stability of the wastewater environment for the S. abundans system 
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meant there was no visible deleterious change to beads by day 42 (Figure 6.5 A3 and B3). This 
suggests the decline in effluent quality at the end of the run (Figure 6.4) was driven by S. 
abundans beads reaching a threshold cell capacity rather than chemical weakening of the Ca-
alginate matrix. Hence, the selection of S. abundans would lead to the dual benefit of less 
frequent regeneration of beads (cost savings) and greater biomass recovery at harvesting 
(adding value by resource recovery). 
Figure 6.3 A) Concentration of cells immobilised in beads per mL of wastewater, mean ± SD 
(n = 4) and indication of bead deterioration by B) size of beads containing algae and C) size of 
blank beads (containing no algae) that were added to each flask, mean ± SD (n = 8). For Sel. 
capricornutum the blank beads were too weak to measure diameter on Day 8. 
 
 
Figure 6.4 Indication of bead deterioration by A) turbidity of the effluent, B) cells in effluent, 
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Figure 6.5 Images of A1) a freshly produced bead inoculated with S. abundans, A2) a Sel. 
capricornutum inoculated bead after 6 days treating wastewater, A3) a S. abundans 
inoculated bead after 42 days treating wastewater, B1) a freshly produced blank bead, B2) a 
blank bead after 6 days in the Sel. capricornutum flask, B3) a blank bead after 42 days in the 
S. abundans flask, C1) x100 and C2) x400 cross section of a S. abundans inoculated bead after 
42 days treating wastewater, and C3) x50 effluent after 8 days treatment by Coel. microporum 
inoculated beads. 
6.3.4 Nutrient removal 
Treatment with immobilised cells of each species had an immediate benefit to effluent 
quality, achieving 2.2-3.3 mg/L TP in the first 2 days from a feed concentration of 9.1 ± 0.1 
mg/L (Figure 6.6A). The duration of TP removal was species-dependent, with a return close 
to the feed TP concentration by day 4 for Sel. capricornutum, day 6 for Coel. microporum, day 
A1) 
B1) B2) B3) 
A2) A3) 
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22 for C. vulgaris and day 42 for S. abundans. The increase in effluent TP was related to bead 
deterioration as it corresponded to an increase in cell number in the effluent (which were 
included in the TP measurement) (Figure 6.4B). P-PO43- removal (Figure 6.6B) did not stop 
during periods of bead deterioration as the cells that leaked into the effluent continued to 
take up nutrients. P-PO43- removal was more rapid than TP removal over the first 2 days for 
each species, indicating that precipitation of PO43- with Ca2+ was a contributing mechanism 
(Song et al. 2002). Both C. vulgaris and S. abundans efficiently removed P-PO43- to averages 
of 0.48 ± 0.13 mg/L and 0.31 ± 0.13 mg/ in the effluent over the run, respectively, however C. 
vulgaris did reduce TP to below 2.3 mg/L whereas S. abundans consistently achieved TP levels 
of < 2 mg/L up to day 28, before a gradual decline in performance. Compared with the 
wastewater blank, this corresponded to an average TP removal rate of 2.96 ± 0.22 mg/L/d for 
C. vulgaris up to day 18 and 3.57 ± 0.22 mg/L/d for S. abundans up to day 28, demonstrating 
that S. abundans provided a superior P removal system in both rate and duration.  
TN removal was not as effective as TP removal in percentage terms, reaching a minimum of 
27.1 ± 0.1 mg/L for C. vulgaris (day 8) and 26.7 ± 0.4 mg/L for S. abundans (day 30), from a 
feed concentration of 49.0 ± 0.8 mg/L. On average, C. vulgaris removed TN at 5.71 ± 0.78 
mg/L/d up to day 18 and S. abundans removed TN at 6.18 ± 1.24 mg/L/d up to day 38, 
compared with the wastewater blank. TN removal had not decreased by the last day of the 
Coel. microporum and Sel. capricornutum runs as a rapid pH increase (to 10.3 and 10.9, 
respectively (Appendix C Figure C.8A) from suspended cell growth would have increased 
volatilisation of NH4+ as NH3 (Siegrist et al. 2013). In comparison, the more gradual decline in 
bead deterioration for C. vulgaris and S. abundans (Figure 6.3B) meant TN removal declined 
at the end of the run due to algal cell release into the effluent (Figure 6.4A) and stagnation of 
immobilised cell growth (Figure 6.3A). 
TN removal mostly due to driven by the removal of NH4+ (Figure 6.7B), whereas removal of 
NO3- (Figure 6.7C) was negligible. An exception was that suspended cell growth arising from 
the deterioration of Coel. microporum and Sel. capricornutum beads (Figure 6.4B) depleted 
NH4+ in the wastewater (Figure 6.7B), allowing NO3- to be assimilated (Figure 6.7C). 
Preferential assimilation of NH4+ over NO3- is common for green algae (Sanz-Luque et al. 
2015), with NO3- assimilation occurring only after NH4+ had been removed from the growth 
medium for C. vulgaris (Silva et al. 2015). The S. abundans system resulted in a slight increase 
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in NO3- concentration (Figure 6.7C), which was also observed in the 8 day treatment run 
(Figure 6.2), which is plausible because algae can release compounds (Glibert et al. 2016).  
S. abundans, the best performing system, had an average increase in DOC of 2.42 ± 0.83 mg/L 
up to day 36 (based on DOC of the wastewater blank) (Figure 6.4C). This occurred before 
significant increase in cell numbers in the effluent from bead deterioration had occurred 
(Figure 6.4A) and when TP removal was at its most efficient (Figure 6.6A). This may have been 
from alginate dissolving or from the algal cells releasing AOM, and may limit the algal system 
from being used for tertiary treatment with direct effluent discharge or reuse. For the S. 
abundans system turbidity and cell number in the effluent remained low for 34 days, 
demonstrating the efficiency of the immobilisation technology for retaining S. abundans cells, 
enabling simple recovery of the algal biomass post wastewater treatment and greater 
accumulation of cells for rapid nutrient removal. 
 The greater internal P content and N:P of S. abundans cells compared with the other species 
(Figure 6.1) could be linked to this system achieving the most effective TP removal. However, 
despite the cellular N:P content of 6.1 ± 0.2 for C. vulgaris (Figure 6.1A) and 2.6 ± 0.1 for S. 
abundans (Figure 6.1B), the average TN:TP removal ratio over the duration of the long run 
was 1.9 for C. vulgaris and 1.7 for S. abundans. This was much lower than the TN:TP of the 
feed (5.4), indicating that TP removal was comparatively greater than expected. This was 
likely a result of the wastewater pH increase during the wastewater treatment (Appendix C 
Figure C.8A), which could promote P attachment to the beads (Jiménez-Pérez et al. 2004) 
(suspended P precipitate was included in the TP measurement and not counted towards TP 
removal), supporting the hypothesis that P was a main cause of bead deterioration. 
The maximum TN removal was 44.8 ± 0.9% for C. vulgaris or 45.5 ± 1.5% for S. abundans. This 
could be improved by increasing the bead to wastewater ratio of 1:6 by volume used here to 
1:1, which would theoretically provide 6 times the nutrient removal potential. At this bead 
loading the S. abundans system could completely remove TN within 0.96 days and TP within 
0.40 days (based on the average removal rates, not compensating for decreased diffusion 
rates when nutrient levels reduce or potential nutrient limitation). As another example, to 
reach TP of 0.5 mg/L, suitable for discharge into an inland water body (EPA Victoria 1995), 
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0.38 days would be required, and the S. abundans system would be capable of removing 19.3 
mg/L of TN in this time. 
Over the duration of each run, the total nutrients removed per bead of S. abundans (101 ± 8 
µg TN/bead, 45.9 ± 1.9 µg TP/bead) far exceeded that of C. vulgaris (41.1 ± 3.8 µg TN/bead, 
17.2 ± 0.8 µg TP/bead), Coel. microporum (13.8 ± 3.1 µg TN/bead, 3.7 ± 0.6 µg TP/bead) and 
Sel. capricornutum (14.7 ± 2.3 µg TN/bead, 4.3 ± 0.3 µg TP/bead). This demonstrates that the 
selection of S. abundans to be immobilised for treatment of wastewater can improve the 
nutrient capacity of beads of immobilised algae. This means that fewer alginate beads are 
needed for a S. abundans system to achieve the same extent of nutrient removal, providing a 
proportional reduction in the cost of supplying alginate and generating algal beads. 
    
 






















































Figure 6.7 Concentration in the effluent of A) TN, B) N-NH4+ and C) N-NO3-, mean ± SD (n =3). 
6.4 Conclusion 
C. vulgaris, S. abundans, Coel. microporum and Sel. capricornutum all grew when immobilised 
in Ca-alginate beads and treated the wastewater. The nutrient uptake was not enhanced by 
adjusting the N or P concentration of the MLA medium in which the cells were cultured before 
wastewater inoculation. However, as C. vulgaris had the highest cellular N:P content (6.1 ± 
0.2) and S. abundans the lowest (2.6 ± 0.1) after 8 days of wastewater treatment, these 
species may be best suited for wastewaters with a high and a low N:P ratio, respectively. The 
long-term treatment performance, and most notably the durability of beads, also varied 
depending on species. There was a species-dependent change to the wastewater 
environment that impacted the rate of bead deterioration, with the most critical factor being 
algal P assimilation as this prevented PO43- in the wastewater from disrupting the Ca-algiante 
matrix. Cell conformation and the ability to adapt to the bead environment impacted the 
effectiveness of each species for treating the wastewater. Immobilised S. abundans 








































































  |162 
|162 
to this system achieving the greatest treatment duration (42 days), nutrient removal capacity 
(101 ± 8 µg N/bead and 45.9 ± 1.9 µg P/bead) and algal cell production capacity (13.6 ± 0.7 x 
106 cells/bead). The selection of S. abundans thus reduces the cost of bead supply per nutrient 
removed and biomass produced, improving the efficiency of wastewater treatment with 
immobilised algae. 
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Chapter 7 Preface 
The study presented in this chapter takes into account the work of Chapter 4 (alginate 
selection), Chapter 5 (wastewater selection) and Chapter 6 (species selection), with a view to 
improving the treatment performance compared to that of Chapter 3 (system comparison).  
The demonstration of the fluidised-bed reactor of alginate-immobilised algae in this chapter 
is complemented by the assessment of biomethane generation from algal biomass, 
addressing RQ6. This gives a quantitative assessment of the benefit of the algal system for 
application at a wastewater treatment plant, and provides the basis for further economic and 
environmental assessment. It can thus be evaluated if alginate-immobilisation is currently a 
feasible method for municipal wastewater treatment and further methods for improvement 
of the system can be better identified. 
The NH4+ removal rate data from Chapter 6 was used to determine the supplementation 
levels of NH4+, with the aim of complete NH4+ removal from the wastewater. 
This chapter has not yet been prepared for journal publication, and so has been structured 
with its position in the thesis in mind. 
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Chapter 7. Fluidised-bed reactors of immobilised algae for 
wastewater treatment and resource recovery by digestion of the 
algal biomass 
Abstract 
To demonstrate the treatment capability of alginate-immobilised algae, fluidised-bed 
reactors containing entrapped Chlorella vulgaris or Scenedesmus abundans were fed with 
wastewater containing TP (8.9 ± 0.45 mg/L), TN (18.3 ± 0.7 mg/L), N-NO3- (5.3 ± 0.4 mg/L) and 
N-NH4+ (9.4 ± 0.2 mg/L) at a 12 h hydraulic retention time. The reactor with S. abundans 
operated for 30 days before biomass harvesting and bead regeneration was needed, much 
longer than the reactor with C. vulgaris (8 days). S. abundans grew at 3.3 ± 0.6 x 106 
cells/mL/day, and removed TP to 0.90 ± 0.26 mg/L and TN to 9.8 ± 1.1 mg/L on average, 
completely removed NH4+, but did not remove N-NO3-. This demonstrated that the algal 
system could be applied to treat the effluent to <1 mg/L TP/L and <10 mg TN/L. One reactor 
of S. abundans was fed with the wastewater supplemented to have 19.0 ± 0.7 mg/L of N-NH4+, 
but this did not lead to a benefit to the rate of N or P removal and a slight increase in growth 
rate (4.2 ± 0.7 x 106 cells/mL/day). Co-digestion of S. abundans biomass with wastewater 
sludge generated 248 ± 10 mL CH4/g VS, and neither acid (179 ± 10 mL CH4/g VS) nor 
enzymatic (178 ± 13 mL CH4/g VS) pre-treatment benefited biomethane generation, indicating 
that the algal biomass could be directly added to an existing anaerobic digestion process to 
improve biomethane production and subsequent energy recovery. These results assist in 
determining the feasibility of the immobilised algae system and provide evaluation of the 
benefit it can provide to a wastewater treatment train. 
7.1 Introduction 
Treatment of wastewater with compact algal systems that have short hydraulic retention 
times (HRTs) can reduce the footprint compared with conventional open pond systems. In 
particular, immobilisation of algal cells in alginate beads and treatment of wastewater in a 
photobioreactor can achieve this while also allowing for greater control of the system and the 
algal culture. There is fairly limited literature on reactors utilising alginate-immobilised algae 
in a practical configuration for continuous operation. Some examples include: 1 L Erlenmeyer 
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flasks containing Scenedesmus obliquus inoculated beads operated with a 3-24 h HRT for 9-
23 days (Whitton et al. 2018); 2.5 L air lift reactors containing Chlamydomonas reinhardtii 
inoculated beads operated with a 9.1-33 h HRT for 5 days (Vílchez et al. 2001); and stirred 4 L 
tanks containing Chlorella vulgaris inoculated beads operated with a 6.5-12 h HRT for 2 days 
(Filippino et al. 2015). Thus, it is desirable to demonstrate continuous operation of 
immobilised algae technology in a configuration reflective of full-scale reactor design. The 
wastewater to be treated will have a higher phosphorus (P) and ammonium (NH4+) 
concentration than these examples, to represent conditions that occur at other municipal 
treatment plants. 
The algal biomass produced during the treatment process can be collected for conversion to 
a useful product; in particular, anaerobic digestion of the biomass can generate biomethane 
(CH4) for energy recovery. Digestion of algal biomass alone has been proposed, as has co-
digestion with wastewater sludge (Sialve et al. 2009, Zamalloa et al. 2011). The co-digestion 
option can take advantage of established infrastructure by supplementation of existing 
anaerobic digestion processes. Hence, the contribution that algal biomass makes to 
biomethane production when co-digested with wastewater sludge was determined by a 
biomethane potential (BMP) test. 
Treatment of wastewater with immobilised algae in continuous reactors, and biomethane 
production from algal biomass here, offers a holistic demonstration of immobilised-algae 
technology that can provide the basis for economic and environmental assessment. 
7.2 Materials and methods 
7.2.1 Algal species 
Algal cultures were purchased from the Australian National Algae Supply Service (ANASS) 
CSIRO and maintained in MLA medium under 16:8 h light:dark illumination at 23 °C with 
constant aeration. Scenedesmus abundans (CS-935) was selected as it performed best as 
shown in Chapter 6 and Chlorella vulgaris (CS-41) was used to form a consistent point of 
comparison throughout the thesis. 
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7.2.2 Bead preparation 
The algae were collected by centrifugation (3000 x g) after 7 days of cultivation in the MLA 
medium to be in the exponential growth phase. The algal pellet was collected and redispersed 
in Milli-Q water and mixed with 2.5% Na-alginate (Melbourne Food Ingredient Depot) to make 
a final concentration of 2% Na-alginate. The alginate-algae mixture was dripped through an 
18 gauge needle into stirred 2% CaCl2 to form Ca-alginate beads of entrapped algae. The 
beads were left to harden overnight and rinsed twice for 20 minutes in Milli-Q water before 
wastewater inoculation. 
7.2.3 Wastewater 
Municipal secondary effluent was sourced from the outlet of an activated sludge process. The 
wastewater (which initially had negligible NH4+) was supplemented with NH4Cl to give 10 mg/L 
N-NH4+ or 20 mg/L N-NH4+. These levels were chosen based on the rate of removal found in 
Chapters 5 and 6, and to offer an indication of the capacity of the algal reactor for removal of 
NH4+. The wastewater characteristics are shown in Table 7.1. 
Table 7.1 Wastewater characteristics (mg/L), mean ± SD (n=3). 













TP 8.9 ± 0.4 
P-PO43- 8.5 ± 0.4 
N-NO3- 5.3 ± 0.4 
DIC 35.9 ± 1.2 
DOC 30.2 ± 3.8 














18.3 ± 0.7 














27.4 ± 1.1 




7.2.4 Fluidised-bed reactors 
Alginate beads containing the immobilised algal cells were used as the fluidised-bed in 1.25 L 
column reactors wrapped with a 12 W Daylight (5000 K) LED light strip (SAL National Pty Ltd) 
to provide 180-200 µmol/m2/s (Apogee MQ-500 Quantum Meter) (Appendix D Figure D.1). 
The bed volume was 500 mL before expansion (7.4 beads/mL of total reactor volume), and 
initial inoculum was 2 x 106 cells/mL (2.7 x 105 cells/bead). Fluidisation to 30% of the bed 
height was by a recirculation pump to ensure the beads were being gently mixed to improve 
nutrient diffusion and light access to the cells. Wastewater was supplied at 1.74 mL/min to 
give a 12 h hydraulic retention time (HRT) (equivalent to 6 h active bed HRT). The reactors 
were stopped once the effluent quality deteriorated. 
Three conditions were used in the reactors: 
 C10: C. vulgaris with the wastewater feed supplemented with 10 mg/L of N-NH4+. 
 S10: S. abundans with the wastewater feed supplemented with 10 mg/L of N-NH4+. 
 S20: S. abundans with the wastewater feed supplemented with 20 mg/L of N-NH4+. 
7.2.5 Biomass pre-treatment for biomethane production 
Cells without alginate were digested to reflect the scenario of post-wastewater treatment 
separation of alginate from the generated biomass (for alginate recovery), and the algae was 
cultivated in MLA to generate sufficient biomass for the BMP tests.  
Enzymatic and acid pre-treatment was carried out on S. abundans biomass grown in MLA 
medium. Pre-treatment can help break down the algal cell walls so the biomass is more 
readily degradable by the bacteria for methane production. Enzymatic pre-treatment was 
chosen to avoid energy intensive methods, as compared with thermal, thermal hydrolysis and 
ultrasonic methods. Ometto et al. (2014) found it was the only method that led to net energy 
benefit. FNA pre-treatment had not been used on algal cells before, with FNA hydrolysis of 
sludge leading to more methane being generated when digested for Wang et al. (2013). It was 
tested here as a novel, low energy, method of breaking algal cell walls to increase methane 
generation. The optimal dosage for each pre-treatment was determined based on the sCOD 
released from the algal biomass. 
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For the enzymatic pre-treatment, DepolTM 40 (Biocatalysts Ltd) which contains Cellulase 1200 
U/g and Endogalactouronase 800 U/g, and LipomodTM 957 (Biocatalysts Ltd) which contains 
Esterase 3600 U/g and Protease 90 U/g (where U is enzyme activity units), were applied 
following the method of Ometto et al. (2014). Briefly, the two enzyme products were mixed 
at a ratio of 1:1 U/U (1:1.3 g/g DepolTM 40:LipomodTM 957), and this solution added to algal 
biomass (0.47 ± 0.03 g/L) suspended in 0.1 M pH 6.5 phosphate buffer and incubated at 37 °C 
for 24 h. Dosage rates of 100, 250, 500, 100, 1500 and 2500 U/g dw of algal biomass were 
applied. 
For the acid pre-treatment, the method of Wang et al. (2013) was followed, which involved 
acidification of nitrite to generate free nitrous acid (FNA, HNO2) based on Eq. 7.1, 
𝐹𝑁𝐴 =  
𝐶𝑁𝑂2
10𝑝𝐻∙𝑒𝑥𝑝−2300/𝑇
        (Eq. 7.1) 
where T is the temperature in Kelvin and CNO2 is the concentration of nitrite. NaNO2 at 0, 150 
and 300 mg N/L were added to the algal biomass (0.47 ± 0.03 g/L), the pH adjusted to 3.5, 4.5 
and 5.5 with HCl (giving 9 different conditions), and the solution mixed by an orbital shaker 
at 200 rpm for 24 h. 
7.2.6 Biomethane potential test 
The inoculum sludge was supplied from an anaerobic digestor that operates at 37 °C at the 
same treatment plant from which the wastewater was sourced. The BMP tests were carried 
out in triplicate 100 mL flasks incubated at 37 °C in a reciprocal shaking water bath (150 rpm), 
with a 1:2 volatile solids (VS) substrate:inoculum ratio (Table 7.2), to provide a suitable 
amount of bacteria and sufficient algal biomass to generate enough methane compared with 
the control for measurement. These conditions were based on the guidelines of Filer et al. 
(2019), and chosen to enable comparison with literature BMP values. 
Three algal sample conditions were used: S. abundans biomass that had undergone 
enzymatic, FNA and no pre-treatment. The respective controls for each condition were 
enzymes in buffer, acidified nitrite solution, and Milli-Q water, incubated with the inoculum 
at equivalent volumes and concentrations as for the algal samples. The volume of CH4 
produced from each biomass sample was normalised based on the volume of CH4 produced 
from the respective control. 
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Table 7.2 Anaerobic digestate sludge (inoculum) and S. abundans biomass (substrate) used 










 g dw/L g VS/L % g VS/g dw mL 
S. abundans algae 34.6 ± 0.1 31.9 ± 0.1 92 ± 1 9.56 
Sludge 16.4 ± 0.2 11.1 ± 0.0 68 ± 1  55 
 
7.2.7 Analytical methods 
The mean ± SD (n=3) of results are presented unless otherwise stated. 
Algal cell number was determined by counting with a haemocytometer and light microscope 
after dissolving the beads in 2.5% Na-Citrate solution. The effluent was analysed directly for 
TP (HACH Test ‘N Tube 2742645), TN (HACH Test ‘N Tube 2672245), pH (Mettler Toledo 
SevenEasy), turbidity (HACH 2100AN IS Turbidimeter) and cell number (haemocytometer).  
Filtered (0.45 µm) effluent samples were analysed for N-NH4+ (HACH Test ‘N Tube 2604545), 
nitrate (N-NO3-) and phosphate (P-PO43-) with a Thermo Scientific Dionex Aquion Ion 
Chromatograph, and for dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) 
with a Sievers 5310C TOC Analyzer. 
The dry weight of the inoculum and substrate were determined in duplicate by oven drying 
15 mL of sample at 105 °C until constant weight (48 h), the volatile solids content then found 
by heating oven dried samples at 550 °C for 20 min.  
sCOD release was measured after centrifugation of the sample (3000 x g), filtration (0.45 μm) 
of the supernatant and analysis of the COD (HACH Test ‘N Tube 2125815). The volume of 
biogas generated from the BMP test was measured by liquid displacement. The concentration 
of CH4 in the biogas was measured by gas chromatography (Varian GC450). 
7.2.8 Biomethane potential model 
The normalised cumulative biomethane production was fitted to the Modified Gompertz 
model (Eq. 7.2) following the approach of Bohutskyi et al. (2019), 
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𝑌𝑖  =  𝑌𝑚 ∙ 𝑒𝑥𝑝
−𝑒𝑥𝑝  (
𝐾 ∙𝑒 ∙(𝜆 − 𝑡𝑖 )
𝑌𝑚
+1)
       (Eq. 7.2) 
where Ym (mL CH4/g VS) is the experimentally found maximum methane yield, K (mL CH4/g 
VS/d) is the rate constant, λ (d) is the lag phase constant, and e is the number 2.71828. K and 
λ were estimated by minimising the sum of residual squares using the Generalised Reduced 
Gradient Nonlinear method (Microsoft Excel Solver). 
7.3 Results and discussion 
7.3.1 Algal growth 
There was a lag phase for algal growth of 4-5 days for the S. abundans in the reactors, 
regardless of the NH4+ concentration in the wastewater feed (Figure 7.1A). After the lag phase 
for S10 the algae grew at 3.3 ± 0.6 x 106 cells/mL/day, reaching a maximum of 8.60 ± 0.72 x 
107 cells/mL on day 28, and for S20 at 4.2 ± 0.7 x 106 cells/mL/day, reaching 1.17 ± 0.12 x 108 
cells/mL on day 30. The production of algae in S20 being only 27% faster than S10, despite 
being fed twice the concentration of NH4+, suggests that N was not limiting growth. Growth 
was more rapid for C. vulgaris (1.66 ± 0.33 x 107 cells/mL/day), peaking at 8.57 ± 0.32 x 107 
cells/mL on day 6, after which cell number began to decline. The shorter period before decline 
in immobilised cell concentration for C. vulgaris compared with S. abundans is consistent with 
the semi-continuous runs reported in Chapter 6. As the C10 and S10 reactors reached a similar 
maximum cell concentration, the rapid growth of C. vulgaris may have contributed to the 
shorter duration of the exponential phase. 
Whitton et al. (2018) reported growth rates of 0.22-0.44 d-1 for immobilised S. obliquus, 
higher than 0.087-0.096 d-1 for the S. abundans systems in the current study, possibly due to 
the use of a different reactor configuration and algal species. Algae in the C10 reactor grew 
at 0.68 d-1, within the range (0.38-1.44 d-1) reported by Filippino et al. (2015) for immobilised 
C. vulgaris. The highest rate Filippino et al. (2015) obtained occurred when CO2 
supplementation was used, which explains why it was greater than in the present study. 
Cells that grew in suspension and exited the reactor in the effluent represented 1.7 ± 0.3% 
(C10), 9.5 ± 1.8% (S10) and 10.1 ± 1.7% (S20) of the cell increase within the beads (before the 
beads began to deteriorate). This indicates that immobilisation contained the algae culture 
within the Ca-alginate matrix and that a very large proportion of the treatment occurred due 
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to growth within the beads. Increasing the active volume compared with the total reactor 
volume (in other words, increasing the number of beads in the reactor) could allow the 




 Figure 7.1 A) Concentration of immobilised cells, mean ± SD (n = 4), B) effluent pH and C) 
effluent DIC concentration, mean ± SD (n = 3). 
An increase in turbidity from 3.4 ± 0.3 NTU to 130 ± 1 NTU (Figure 7.2A) on day 8 for C10 
corresponded with an increase of cell concentration in the effluent to 8.7 ± 2.0 x 106 cells/mL, 
compared with 1.2 x 105 ± 0.4 cells/mL on average over days 0-7 (Figure 7.2B). The volume of 
the bead bed visibly decreased (Fig S2), showing that the decline in effluent quality was due 
to bead degradation. Cell concentration increased in the effluent from an average of 1.3 ± 0.5 
x 105 cells/mL (days 0-26) to 5.1 ± 0.5 x 105 cells/mL at the end of the run for S10, and from 
2.0 ± 0.8 x 105 cells/mL to 1.3 ± 0.1 x 106 cells/mL for S20, corresponding to an increase in 
effluent turbidity to 11.5 ± 0.2 NTU and 27.5 ± 0.1 NTU, respectively. The deterioration in 
effluent quality being an order of magnitude less and at a more gradual rate for S. abundans 
than C. vulgaris suggests that S. abundans cells were being slowly released from the surface 
of the beads, whereas for C. vulgaris the beads were undergoing rapid deterioration. This is 
supported by the bead bed for S10 and S20 being in better condition at the end of each run 
than for C10 (Appendix D Figure D.2) despite being exposed to the wastewater for longer, and 
may be partly attributed to the slower growth rate of S. abundans.  
The DOC increased from 30.2 ± 3.8 mg/L in the feed to 44.6 ± 3.9 mg/L in the effluent on day 























































indicating that algal cells were dying and releasing algal organic matter and/or that the Ca-
alginate was dissolving. The DOC in the effluent before bead decline (days 0-24) for S10 (32.7 
± 4.3 mg/L, average) and S20 (31.0 ± 4.1 mg/L) was not consistently different from the feed 
concentration (30.2 ± 3.8 mg/L), indicating that the system led to no beneficial decrease, nor 
negative increase, in organic carbon concentration. 
The DIC concentration (Figure 7.1C) had an inverse relationship with pH (Figure 7.1B), 
indicating that increase in pH was a result of algal uptake of DIC from the wastewater. Hence, 
as S10 and S20 had similar DIC decrease (20.2 ± 4.0 mg/L) up to day 26, the effluent pH (9.98 
± 0.34) was consistent between runs. The period of less pH increase from day 26 can be 
attributed to less algal growth, corresponding to bead decline. The elevated pH of the effluent 
means that post-treatment pH adjustment may be required for disposal or re-use of the 
effluent. The pH for C10 peaked at 9.60 on day 2, and was 7.67-8.46 for the remainder of the 
run, indicating a change in algal activity consistent with the alginate beads degrading earlier 
than for S10 and S20. 
 
 
Figure 7.2 Indication of bead deterioration from the A) turbidity, B) cell number, and C) DOC 
concentration of the effluent, mean ± SD (n = 3). 
7.3.2 Phosphorus removal 
Each system treated the effluent to ≤2 mg TP/L and ≤1.2 mg P-PO43-/L by day 2 from the feed 
concentration of 8.95 ± 0.43 mg TP/L and 8.53 ± 0.44 mg P-PO43-/L. P removal for C10 declined 
























































29 (a rate of 16.1 ± 5.5 mg/L/day) and S20 to 0.90 ± 0.14 mg TP/L up to day 26 (16.1 ± 3.3 
mg/L/day) (Figure 7.3). This demonstrates that discharge limits of ≤ 1 mg TP/L, suitable for 
inland water bodies (EPA Victoria 1995), can be met with just the algal reactor and no 
additional P removal systems. The maximum P-PO43- removal rate (16.6-16.7 mg/L/d) for the 
S. abundans reactors was greater than the 6.96 mg/L/d reported by Whitton et al. (2018) with 
alginate-immobilised S. obliquus at the same HRT due to the lower P-PO43- of the feed (3.97 ± 
0.01 mg/L) than in the current study. 
TP and PO43- removal (Figure 7.3) reduced at day 4 for C10 despite continued cell number 
increase (Figure 7.1A), and negligible increase in the turbidity and cell concentration in the 
effluent (Figure 7.2), suggesting that the decline in P removal was not from bead 
deterioration. The cells may have released surface adsorbed P (Yao et al. 2011), which is 
supported by an increase in DOC (Figure 7.2C) suggesting the cells were under stress. 
Alternatively, as precipitation of PO43- with Ca2+ is promoted as pH increases (Song et al. 2002), 
the decline in pH (Figure 7.1B), may have reduced this mechanism of P removal. 
At the end of the C10 run (day 8) PO43- was still being removed despite TP removal ceasing 
(Figure 7.3). The C. vulgaris beads had reached a maximum cell capacity, leading to bead 
deterioration and rapid increase in cell concentration in the effluent for C10 (Figure 7.2) which 
were still assimilating P. By day 30 of the S. abundans runs, both PO43- and TP removal 
decreased. The S. abundans cells were photosynthesising less (as supported by a reduction in 
DIC uptake Figure 7.1C), suggesting the cells had reached a maximum uptake capacity and 
thus assimilating less P. 
Comparing S10 with S20, the wastewater N-NH4+ concentration had little impact on treatment 
duration and P removal efficiency. The high efficiency of P-PO43- (94.9%) and TP (89.9%) 
removal for each N-NH4+ level (Figure 7.3) suggests the system was instead P limited. In 
Chapter 6 it was proposed that dissolved phosphate and carbonate ions were the main causes 
of bead deterioration. In the current study, P removal not being significantly different for S10 






Figure 7.3 Concentration in the effluent of A) TP and B) P-PO43-, mean ± SD (n = 3). 
7.3.3 Nitrogen removal 
TN (18.3 ± 0.7 mg/L in the feed) was removed to 4.6 ± 0.6 mg/L (a rate of 27.3 ± 1.3 mg/L/day) 
by C10 for days 3-7, to 9.8 ± 1.1 mg/L (17.0 ± 1.8 mg/L/day) by S10 for days 3-29, and from 
27.4 ± 1.1 mg/L in the feed to 19.5 ± 2.1 mg/L (16.1 ± 3.1 mg/L/day) by S20 for days 3-28 
(Figure 7.4). Increasing the N-NH4+ level beyond 10 mg/L for S. abundans did not lead to 
increase in TN removal and while C10 achieved the greatest TN removal, the short duration 
of operation was a major drawback. Thus, only the S10 system was able to exhibit consistent 
TN removal to a level of ≤ 15 mg/L required for safe discharge (EPA Victoria 1995). 
Vílchez et al. (2001) found a similar N removal rate of 16.5 mg N/L/d with immobilised C. 
reinhardtii fed with 16.8 mg TN/L (as N-NO3-) at 14 h HRT, Whitton et al. (2018) found a higher 
N removal rate of 51.9 mg N/L/d with S. obliquus fed with 27.5 mg TN/L (predominately as N-
NO3-) at 12 h HRT. The S. obliquus was removing nutrients at a N:P ratio of 7.5, compared with 
1.0-1.1 for the S. abundans in the present study. The higher removal rate and N:P ratio for 
Whitton et al. (2018) suggests that in the current study there was inhibition of N uptake that 
did not impact P uptake. TN removal increased from day 27 for S20 and day 30 for S10 (Figure 
7.4A), which coincided with bead deterioration (Figure 7.2). The alginate matrix loosening and 
suspended algal growth (Figure 7.2) allowed more N removal at the end of the run, suggesting 
that for S. abundans N uptake was inhibited as a consequence of cultivation in the bead 

















































TN removal was due to NH4+ removal for S10 and S20 (Figure 7.2B), and neither system 
removed NO3- (Figure 7.2C). This is consistent with assimilation of NH4+ over NO3- being 
common for members of the Chlorophyceae (Sanz-Luque et al. 2015). NH4+ removal can be 
by algal assimilation or volatilisation as NH3, and as NH4+ ⇌ NH3 + H+ has a pKa of 9.3, it is 
promoted as pH increases (Siegrist et al. 2013). S10 removing TN and NH4+ at a comparable 
rate to S20 corresponds to there being only a small differences in algal growth and pH (Figure 
7.1). While both C10 and S10 reached ≤0.05 mg N-NH4+/L, only C. vulgaris removed NO3-. S. 
abundans may have been at maximum growth rate under the reactor conditions and so not 
needed more N, whereas, C. vulgaris grew faster (Fig 1A), so once NH4+ was removed, then 
NO3- removal occurred. There may also have been a species difference (Dortch 1990), in this 
case with C. vulgaris more prone than S. abundans to assimilate NO3-. 
 
 
 Figure 7.4 Concentration in the effluent of A) TN, B) N-NH4+ and C) N-NO3-, mean ± SD (n =3). 
7.3.4 Biomethane potential 
Pre-treatment of the algal biomass with 500 U/g of the 1:1 DepolTM 40:LipomodTM 957 led to 
the greatest sCOD release (Appendix D Figure D.3A). For the FNA pre-treatment, pH of 3.5 
caused greater sCOD release (728-828 mg sCOD/g dw, regardless of NaNO2 concentration) 
than pH 5.5 and 300 mg/L N-NO2- (657 ± 15 mg sCOD/g dw), however as the increase was only 
11-26% greater, to avoid harm to the inoculum bacteria that a 100-fold increase in H+ 
concentration would cause, pH 5.5 and 300 mg/L N-NO2- (equivalent to 1.6 mg/L of FNA) was 






































































Pre-treatment of the concentrated algal biomass for the BMP test with 500 U/g enzyme and 
1.6 mg/L of FNA led to 53 ± 5% (164 ± 9 mg sCOD/g dw) and 57 ± 7% (160 ± 5 mg sCOD/g dw) 
greater increase in sCOD, respectively, compared with the sCOD released from algae without 
pre-treatment (105 ± 2 mg sCOD/g dw). However, the algal biomass without pre-treatment 
led to the greatest biomethane production (248 ± 10 mL CH4/g VS) compared with the 
enzymatic (178 ± 13 mL CH4/g VS) and FNA (179 ± 10 mL CH4/g VS) pre-treated biomass (Table 
7.3). This demonstrates that there was no benefit from putting the biomass through the pre-
treatment processes. The methane yield for the S. abundans biomass without pre-treatment 
was more than that of 210 ± 3 mL CH4/g VS obtained by Zamalloa et al. (2012) and 178 ± 6 mL 
CH4/g VS obtained by Mussgnug et al. (2010), each with S. obliquus. Ward et al. (2014) 
reported a wide range (24 – 587 mL CH4/g VS) of methane yields, with large differences due 
to the inoculum bacteria and cell wall structure, concluding that biomass from different 
species and culture conditions needs to be processed differently to maximise CH4 yield.  
Bohutskyi et al. (2019) found pre-treatment of filamentous algae with HCl led to only a 5% 
increase in CH4 generation (and none for the first 15 days) compared with the biomass 
without pre-treatment. Ehimen et al. (2013) obtained a 8-12% increase in CH4 yield with 
cellulase and 31% with an enzyme mixture (lipase, xylanase, α-amylase, protease and 
cellulase) with Rhizoclonium suggesting that the correct selection of enzymes can benefit  
methane production. These gains in CH4 yield need to be balanced against the cost and effort 
of the pre-treatment step. The pre-treated algal biomass generating less CH4 than biomass 
without pre-treatment in the current study may have been as a consequence of a change to 
the C:N ratio (Sialve et al. 2009) or pH (Holliger et al. 2016), which can harm the inoculum 
activity. The enzyme control made a significant contribution of sCOD (113 ± 4 mg sCOD/g dw) 
and consequently biomethane production (99 ± 6 mL CH4/g VS), and so the enzymes may have 
been preferentially digested over the algal biomass. 
The cumulative CH4 produced from each algal sample fitted the Modified Gompertz model 
well (R2 of 0.993-0.997, Figure 7.5). The model was less accurate after the exponential phase 
(approximately day 14), suggesting that the bacteria were generating CH4 from the algae at a 
gradual pace for longer than may be typical for other substrates. Algal cell walls are difficult 
to break down (Zamalloa et al. 2011), which could explain the longer period of biomethane 
generation. The lag phase (λ) for the FNA pre-treated sample (3.0 d) was longer than for the 
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enzymatic pre-treated sample (1.3 d), however, there was little difference in the rate constant 
(K) (19.8 mL CH4/g VS/d and FNA 20.9 mL CH4/g VS/d, respectively). This indicates that 
addition of FNA caused initial harm to the bacteria in the inoculum, however the system was 
able to recover to generate a similar quantity of CH4 (Figure 7.5). 
The S. abundans biomass without pre-treatment generated the greatest volume of CH4, had 
the lowest λ (0.59 d) and greatest K (30.5 mL CH4/g VS/d), indicating the algal biomass could 
be directly co-digested with wastewater sludge in an existing anaerobic digestion process to 
provide beneficial energy recovery. Furthermore, the concentration of CH4 was independent 
of pre-treatment (66-68%) and greater than that of the controls containing no algae (57 ± 
4%), indicating that the algae improved the quality of biogas generated. 
Table 7.3 Results of the biomethane potential test on S. abundans biomass after different 
pre-treatments, mean ± SD (n = 3). 
Pre-treatment: None Enzyme FNA 
Sample: Algal Control Algal Control Algal Control 
sCOD released 
(mg COD/g VS) 
114 ± 2 0 301 ± 7 122 ± 4 183 ± 3 9.7 ± 0.4 
CH4 concentration  
(%)* 
67 ± 1 57 ± 4 66 ± 1 57 ± 3 68 ± 1 57 ± 4 
CH4 produced  
(mL CH4/g VS) 
296 ± 6 47 ± 5 276 ± 7 99 ± 6 221 ± 6 42 ± 5 
Normalised production 
(mL CH4/g VS) 
248 ± 10 178 ± 13 179 ± 10 
Rate constant: k 
(mL CH4/g VS/d) 
30.5 19.8 20.9 
Lag phase constant: λ 
(d) 
0.59 1.3 3.0 
R2 of model 0.996 0.993 0.997 




Figure 7.5 Cumulative methane produced by the biomethane potential test on S. abundans 
biomass after different pre-treatments, mean ± SD (n = 3), and the Modified Gompertz model 
fitted to each result. 
7.4 Conclusion 
Alginate-immobilised S. abundans and C. vulgaris were used to treat secondary effluent with 
8.9 mg TP/L and supplemented with 10 mg NH4+/L (giving 18.3 mg TN/L, C10 and S10) and 20 
mg NH4+/L (27.4 mg TN/L, S20) in the fluidised-bed reactors. Beads of S. abundans were more 
durable when treating the wastewater (operating for 30-31 days) compared with C. vulgaris 
(7 days). Bead durability was independent of the wastewater N concentration, however the 
higher wastewater N concentration contributed to S20 (1.17 ± 0.12 x 108 cells/mL) producing 
more cells than S10 (8.60 ± 0.72 x 107 cells/mL). Compared with C. vulgaris, both the reactors 
with S. abundans achieved greater P removal, treating the effluent to ≤ 1 mg TP/L. The S10 
and S20 reactors removed TN from the wastewater at a similar rate (16.1-17.0 mg/L/day), 
reaching 9.8 ± 1.1 mg TN/L and 19.5 ± 2.1 mg TN/L in the effluent respectively, indicating 
there was no improvement in TN removal from increasing NH4+ in the feed beyond 10 mg N-
NH4+/L. Algal biomass without pre-treatment led to the greatest volume (248 ± 10 mL CH4/g 
VS), rate and least lag for biomethane production, suggesting direct addition of the algal 
biomass to an existing anaerobic sludge digestion process could benefit biomethane 
production, ultimately increasing energy recovery from the wastewater treatment plant. This 
indicates the algal system shows potential to provide commercial benefit to the wastewater 




























environmental assessment, which will depend on the treatment plant to which the system is 
to be applied. 
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Chapter 8. Conclusions and Recommendations 
8.1 Outcomes 
RQ1. What is the effect of system selection between alginate-immobilised, biofilm, 
suspended microalgae and suspended macroalgae on nutrient removal from wastewater 
and biomass productivity? 
Comparison of compact algal nutrient removal systems (12 h HRT), of alginate-immobilised 
biofilm, suspended microalgae (Chlorella vulgaris) and a macroalga (Oedogonium cardiacum), 
revealed that the main shortcoming of alginate-immobilised algae was the short treatment 
cycle (6 days) before bead deterioration, adding to operating costs by requiring frequent bead 
generation. It was found that treatment performance was more related to the ability of the 
system to accumulate cells in the reactor than an effect of system selection nutrient removal 
per unit of biomass.  Macroalgae with biomass retained with a mesh was thus a promising 
and simple to operate option for both nutrient removal (TP of 1.3 ± 0.6 mg /L and TDN of 8.5 
± 1.5 mg/L from a feed of 7 and 24 mg/L) and biomass generation (102 ± 4 mg/L/d dw of 
algae) over 30 days of operation. 
RQ2. Can a cheaper sodium-alginate product be selected to improve the cost efficiency of 
wastewater treatment with alginate-immobilised algae? 
To reduce the cost of alginate supply, a non-laboratory alginate product was verified to be 
suitable for immobilisation of algae for wastewater treatment. The identified the food grade 
product (Melbourne Food Ingredient Depot) had little impact on algal bead durability or 
treatment performance, and the slight negative impact on biomass productivity was 
outweighed by the cost savings from its selection. The polymer chain G:M content was an 
important characteristic for alginate to be suitable for immobilisation of algae wastewater 
treatment, with a low G:M leading to increased swelling and weakening of the bead after 
exposure to wastewater. Identification of alginate characteristics that effect the performance 
of the system aids in selecting products that could potentially provide further raw material 
cost savings, suitable for the next scale of operation. 




By treatment of different wastewaters (lagoons, secondary effluent, primary effluent) with 
various nutrient contents (TDN of 6.5-54.3 mg/L, TP of 6.2-14.8 mg/L) it was determined that 
immobilisation did not affect the ability of C. vulgaris cells to adapt to the wastewater 
characteristics compared with suspended cells. This meant that the algal cells could adjust 
nutrient content (N of 4.6-7.8%, P of 1.2-3.2%) in response to the wastewater N and P 
concentration, respectively, independent of the wastewater source and other wastewater 
characteristics. The correlation between the cell N content to the wastewater NH4+ 
concentration was particularly strong (p = 0.00004), indicating that effluent with a high NH4+ 
concentration would be an appropriate target to gain extra benefit in N removal. It was thus 
suggested that for an algal system to treat secondary effluent at an activated sludge plant, 
aeration could be reduced to feed more NH4+ to the algal reactor (and thus save on energy 
demand), or, in more passive systems such as lagoons, the benefit could be achieved by 
having the algal system earlier in the treatment train, which could also provide O2-rich 
effluent for the downstream lagoons. While the algal cells adapted assimilation to both the 
wastewater N and P concentration, there was also substantial contribution to the amount of 
P removed from precipitation of PO43- with Ca2+. As the algae grow, the pH increases, which 
promotes this precipitation. This was more apparent for wastewaters with low concentrations 
of NH4+, indicating effluent with a higher NH4+ concentration would also enable a higher 
concentration of P to be available for algal assimilation. 
RQ4 Can the N and P concentration of the synthetic medium used for cultivation of the algal 
cells in before immobilisation and wastewater inoculation be modified to improve the 
efficiency of wastewater treatment with alginate-immobilised algae? 
Modification of the N and P content of the MLA medium in which C. vulgaris, Scenedesmus 
abundans, Coelastrum microporum or Selenastrum capricornutum were cultivated before 
immobilisation and wastewater inoculation did not substantially affect the nutrient content 
of algal cells after exposure to wastewater, and thus had no lasting benefit to treatment 
performance. 




Comparison of the forgoing four microalgae showed that the selection of algal species made 
a large difference to treatment duration, and thus increased the amount of nutrients each 
bead removed before needing replacement. S. abundans removed 101 ± 8 µg TN/bead, 45.9 
± 1.9 µg TP/bead compared with C. vulgaris (41.1 ± 3.8 µg TN/bead, 17.2 ± 0.8 µg TP/bead), 
Coel. microporum (13.8 ± 3.1 µg TN/bead, 3.7 ± 0.6 µg TP/bead) and Sel. capricornutum. S. 
abundans contained 2.3-2.6% P compared with 1.1-1.6% P for the other algal species meaning 
more P was prevented from damaging the Ca-alginate matrix by algal assimilation. This, along 
with being able to adapt its conformation to the constrained growth environment of the 
beads were the characteristics of the algal species that were proposed to have impacted 
longevity of the beads.  
RQ6. Can alginate-immobilised algae be used in a continuous reactor for effective nutrient 
removal from wastewater and energy recovery? 
A fluidised-bed reactor of alginate-immobilised S. abundans treated wastewater with 8.9 mg 
TP/L and 18.3 mg TN/L to ≤ 1 mg TP/L and ≤ 10 mg TN/L at a HRT of 12 h (6 h active bed) for 
30 days, producing 3.3 ± 0.6 x 106 cells/mL/day. Increasing the TN level by supplementation 
with NH4+ did not increase the rate of TN removal. Energy recovery from algal biomass by co-
digestion with wastewater sludge was demonstrated, with no pre-treatment found to be 
more beneficial than including the extra step of pre-treating the biomass. Thus, as a 
standalone TP removal system the system, it can reduce chemical use and hazardous sludge 
generation at the treatment plant, partly offset energy use for TN removal, while producing 
biomass to further reduce energy use (fossil fuel demand) and reduce GHG emissions. 
8.2 Scaling up: Application to existing and new treatment plants 
A proposed option is to integrate the algal system into existing activated sludge wastewater 
treatment trains in order to reduce the amount of aeration used in the activated sludge 
process. This would allow NH4+ to be treated by the algal system, and hence reduce energy 
use and fugitive greenhouse gas emissions from the activated sludge process. In theory 
placing the algal system early in the treatment train may lead to it removing more nutrients 
and producing more biomass, however, water with higher concentrations of particulates and 
organics would likely lead to increased fouling and lower light transmittance, reducing the 
performance and increasing the operating costs of the system. Hence situating the algal 
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system after secondary treatment would be more advantageous. Furthermore, as 
simultaneous removal of N and P to low concentrations has been demonstrated, this 
placement would allow high quality reusable water to be produced. The algal system could 
be integrated into a treatment plant that utilises anaerobic digestion with energy generation 
to readily enable energy recovery from the algal biomass produced, or the biomass could be 
dried and trucked to a co-generation site. 
Although treatment of nutrients from lagoon effluent was shown to be technically feasible, 
lagoon systems are generally based on low operating costs and large areas of land, whereas 
the use of immobilised algae is a compact treatment option with added costs, and so may not 
be as practical for lagoon systems. However, if considering the algal system as a means of 
providing aeration it could be situated after an initial settling lagoon, where suspended solids 
and some organics would be removed, then the algal reactor would be fed with effluent high 
in N (particularly NH4+) and P, and thus contribute to nutrient removal and also provide 
oxygenated effluent to enhance the performance of downstream lagoons without having to 
provide mechanical aeration. 
A new treatment train that could take advantage of the algal system is proposed in Figure 8.1. 
After grit removal and coarse screening, the sewage is fed directly into an anaerobic process, 
such as an Upflow Anaerobic Sludge Blanket (UASB) reactor, for organic carbon and pathogen 
removal. The effluent from this step is then fed into the algal system for nutrient removal. 
The effluent from the UASB would be low in organic carbon and thus would reduce fouling in 
the algal reactor, and the concentrations of P and NH4+ (the favoured form of N for the algae) 
would be high, leading to maximal nutrient removal by the algal system. Settled algal beads 
from the immobilised algae reactor can be separated into dissolved alginate and algal cells, 
with the alginate used to generate fresh beads and the cells co-digested with sludge from the 
primary treatment step. Methane from co-digestion of sludge and algae can be used for 
generation of electricity. Waste sludge from the anaerobic digestor can be dried and used as 
N and P rich fertiliser. If higher quality water is desired to promote re-use, and the sewage 
has a high salt content, a tertiary treatment step for salt removal could be added and 
operated using the energy generated from biomethane. This process flowsheet presents a 
low chemical, energy and emissions treatment option that enables recovery of resources 
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from the wastewater and provision of high-quality water as the final product, and thus 
contributes to the circular economy. 
Operation of the algal system at larger scale may lead to the energy requirements for light 
and fluidisation being cost-limiting. Alternatives to the column reactor design may make 
better use of natural light and use less energy-intensive mixing. The current study did not fully 
explore how to best deliver light throughout the reactor, or to consider factors such as 
distance from lighting source and mixing of the algal beads. The high initial costs associated 
with the implementation of new technology, here predominantly in regard to manufacture 
and supply of alginate beads, means that smaller treatment plants may be more suitable , and 
in particular those that discharge to sensitive environments and thus need  to achieve very 
low nutrient concentrations. However, this algal system introduces the risk of releasing 
organics, either by bead deterioration or from stress to the algal cells. Adequate controls 
would need to be in place and bead deterioration tracked to ensure that the process was 
stopped before effluent contamination occurred. The form of organic carbon in the effluent 
from the algal system was not studied in this thesis, thus the severity of the consequence 
from this was not determined. Diurnal and seasonal changes in wastewater were also not 
fully explored and may be a factor that affects treatment performance when running the algal 
system at a treatment plant. The adaptive nature of the cells when fed with different 
wastewaters and nutrient concentrations suggests that the algal system will be able to cope 
with such changes. Long term pilot scale operation of the algal system at a treatment plant 




Figure 8.1 Potential treatment train involving an immobilised algae reactor. 
8.3 Summary 
At the highest level this work demonstrates the technical feasibility of the immobilised algae 
for removal of N and P from different wastewater sources with a range of nutrient 
concentrations, and that alginate-immobilised algae in a photo-bioreactor can continuously 
treat wastewater. The laboratory based results of this study provide the platform for design 
decisions for larger scale operation of alginate-immobilised algal system in future application. 
They also provide insight into areas where further improvement to the system could be 
achieved, and identify other promising algal systems that give intensified nutrient removal. 
Interested water utilities can use the outcomes of this study to identify the most appropriate 
wastewater streams and scenarios to use alginate-immobilised algae, then use the results of 
this work to complete an economic and environmental assessment of the benefit its 
application can provide the wastewater treatment train. 
8.4 Recommendations for future work 
 Methods of reducing the cost of the use of immobilised algae have been shown in this 
thesis, in particular methods to reduce the raw material cost of alginate (extending 
culture life, reducing raw material cost, recovering alginate). However, considering the 
shortness of treatment cycle duration and alginate cost, the concept raised in the 
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literature review of improving the strength of the polymer beads by material selection 
or bead coating should be further investigated. This should include cost-benefit 
analysis to determine their practicality. As an alternative option to further reduce the 
operating cost of the system, a suitable alternative biopolymer that can be sourced 
from a waste material should be investigated.  
 Recovery of the alginate post wastewater treatment involves dissolving the Ca-
alginate beads and separating out the algal biomass. A portion of the cells could be 
used to inoculate the next cycle, thus eliminating the cost of algal cell culture. Whether 
this negatively impacts the treatment performance of the cells and the optimum time 
to collect the algal cells for the next cycle could be investigated. 
 The value of methane that can be recovered from the biomass generated during 
wastewater treatment with algae is comparatively low compared with the 
immobilisation process. However, immobilisation allows control of an algal culture 
and reduces contamination from other species. Hence, the end use of the algal 
biomass for generation of higher value products should be investigated. 
 Systems that avoid the cost of immobilisation, but still intensify the nutrient removal 
process, in particular macroalgae retained with a mesh and growth enhanced with 
artificial light, could be an alternative that can also remove nutrients with a small 
footprint. This system requires further investigating such as long-term operation 
under repeated harvesting cycles and consideration of reactor design when operated 
at larger scale. 
 Consideration of the effect of integrating immobilised algae with other technology (for 
example, bacterial processes or membrane systems), and detailed environmental and 
economic feasibility analysis of the application of such process trains, would be 
required for the implementation of immobilised algae. 
 N2O emissions from algal systems has received little mention in literature, and with 
growing pressure for GHG reduction determination of whether or not algal systems 




Appendix A. Synthetic media contents 
Table A.1 Concentration of each component in MLA medium (mg/L) (Bolch and Blackburn 
1996). 















Thiamine HCI 0.1 
Biotin 0.0005 
Cyanocobalamin (B12) 0.0005 
 
Bolch, C.J.S. and Blackburn, S.I. (1996) Isolation and purification of Australian isolates of the 




Table A.2 Concentration of each component in Jaworski medium (mg/L). 





EDTA FeNa  2.25 




Cyanocobalamin (B12) 0.04 






Appendix B. Supplementary Material to Chapter 4 
Table B.1 Additional properties of Ca-alginate beads. Hydrophilicity was measured based on 
the water uptake of freeze dried Ca-alginate. Surface area was calculated from the bead 
volume measurement of Figure 4.3 (B). Zeta potential of freshly produced Ca-alginate beads 
was measured in deionised water with a Zetasizer Nano ZS at pH 7, temperature of 25 °C, 
reflective index of 1.33, and absorption coefficient of 0.01. 
Component Units FG LV MV 
Water uptake (g water)/(g dried Ca-alginate) 2.23 2.19 1.77 
Zeta potential mV -12.7 -12.4 -12.6 
Surface area cm2/bead 0.51 0.48 0.43 
 
 



























































Figure B.2 FTIR spectrograph of A) the three Na-alginate products in powder form and B) of 















































Figure B.3 Absorbance of the three alginate products (2% concentration) over the PAR. 
 
 









































   
   
   










Appendix C. Supplementary Material to Chapter 6 
   
   
Figure C.1 Algal cells grown in MLA (before inoculation in alginate beads), A) C. vulgaris, B) S. abundans, C) Sel. 





    
 
   
 
    
 
   
 
Figure C.2 Beads inoculated with C. vulgaris that treated wastewater, from A1) Day 0 fresh bead, A2) Day 4, A3) 
Day 8, A4) Day 12, A4) D16, and A6) D22. Beads without entrapped algae that were placed in the flask of  C. 















    
 
   
 
   
 
   
 
Figure C.3 Beads inoculated with S. abundans that treated wastewater, from A1) Day 0 fresh bead, A2) Day 8, 
A3) Day 16, A4) Day 24, A4) Day 32, and A6) Day 42. Beads without entrapped algae that were placed in the 
flask of S. abundans beads, from B1) Day 0 fresh bead, B2) Day 8, B3) Day 16, B4) Day 24, B4) D32, and B6) D42. 
A1) 
B1) B2) B3) 
B4) B5) B6) 
A2) A3) 








   
 
   
Figure C.4 Beads inoculated with Sel. capricornutum that treated wastewater, from A1) Day 0 fresh bead, A2) 
Day 4, A3) Day 8. Beads without entrapped algae that were placed in the flask of Sel. capricornutum beads, from 
B1) Day 0 fresh bead, B2) Day 4, B3) Day 8. 
   
 
   
Figure C.5 Beads inoculated with Coel. microporum that treated wastewater, from A1) Day 0 fresh bead, A2) 
Day 4, A3) Day 8. Beads without entrapped algae that were placed in the flask of Coel. microporum beads, from 
B1) Day 0 fresh bead, B2) Day 4, B3) Day 8. 
A1) A2) A3) 
A3) A2) 
B1) B2) B3) 
A1) 











   
 
    
 









   
 
Figure C.6 Images under optical pH filters of effluent produced from each species at the end of each run, 
selected to show cell and alginate presence in effluent samples. A1 and A2) C. vulgaris of Day 22 at x10 and x20 
magnification; B1 and B2) S. abundans of Day 42 at x10 and x40 magnification (showing clump of cells rather 
than presence of alginate); C1 and C2) Sel. capricornutum of Day 8 at x10x and x40 magnification; and D1 and 
D2) Coel. microporum of Day 8 at x5 and x20 magnification. 
   
 







   
 
   
Figure C.7 Cross section of beads at end of each run demonstrating algal growth conformation inside the bead. 
A1 and A2) C. vulgaris of Day 22, B1 and B2) S. abundans of Day 42, C1 and C2) Sel. capricornutum of Day 8, and 
D1 and D2) Coel. microporum of Day 8, each at x5 and x20 magnification, respectively. 
 
 
Figure C.8 For the long term wastewater treatment stage, effluent A) pH and B) DIC concentration, mean ± SD 




































Figure C.9 Image of S. abundans beads after 42 days treating wastewater A) image of multiple beads showing 
retention of bead integrity and B) a bead sliced in half demonstrating even distribution of cells on surface of the 






Appendix D. Supplementary material to Chapter 7 
     
Figure D.1 Reactors at the start of each run A) C10, B) S10, and C) S20. 
         
Figure D.2 Reactors at the end of each run A) C10, B) S10, and C) S20. 
A) B) C) 




Figure D.3 sCOD released from A) enzyme and B) FNA pre-treatment, mean ± SD (n = 2). sCOD 
release was normalised by the amount of sCOD generated from the enzymes and FNA without 
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